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CHAPTER
1

Introduction

1.1 Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs), which can be formally regarded
as two-dimensional graphite subunits, represent one of the most intensively
investigated class of compounds.''™ PAHs were first discovered in coal tar in the
middle of the 19" century and helped to initiate the rapid development of
industrial organic chemistry, especially in the field of dyes. PAHs are generally
formed during incomplete combustion or pyrolysis of organic matter containing
carbon and hydrogen. Hence, a variety of PAHs can be found in nature in fossil
fuels, in the residues of domestic and natural combustion of coal, wood and other
organic materials, in the emissions from forest fires and volcanoes, and in

>8] They usually occur as a mixture of two or more PAHs and

interstellar media.
other chemicals. However, for a systematic study of PAHs or their application as
materials, selective synthetic methods had to be established. Fundamental
contributions to the directed synthesis and characterization of polycyclic
aromatics were made by the pioneering work of R. Scholl,*'? E. Clar,["*"% and
M. Zander,!""®1 who achieved the synthesis of numerous aromatic compounds
under drastic conditions at high temperatures in strongly oxiziding reaction melts.
Until recently, the number of PAHSs isolated and/or synthesized was relatively
small and limited to small sizes. Very recently, a synthetic breakthrough has been
achieved as a result of progress of analytical techniques and has made the
selective synthesis of various PAHs, with a broad range of sizes and shapes and
under mild conditions, possible.?

PAHs have attracted the interest of the scientific community for different
reasons. One of the intrinsic properties of the PAHs is their aromaticity, which

has attracted the interest of theoreticians for a long time.”'® Large PAHs are
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well defined model systems for graphite, and different theoretical methods have
been applied to estimate the electronic properties of graphite based on PAHs
with increasing size and varying topologies.”® PAHs are also of special interest
because of their electronic and opto-electronic properties.?"?*! Besides synthetic
challenges, correlations between the chemical structure of PAHs and their
properties, as well as their packing behavior in the solid state are key
concerns.?”! The intrinsic electronic properties of PAHs promoted their use as
active components in molecular electronics such as organic field effect
transistors, light-emitting diodes and photovoltaic devices.”® The physiological
effect of extended aromatics is also of interest in the light of the increasing level
of discussion about environmental pollutants.”® The presence of large graphite
segments in interstellar space is important regarding the formation of the
universe. Lastly, ultra-large polycyclic aromatics, as preferentially planar
structures with defined topology, possess considerable importance for a deeper
understanding of the materials science of soot, graphite, the spherical fullerenes,

and nanotubes %%

1.2 "All-Benzenoid” PAHs and the Clar rule of the aromatic
sextet

All-benzenoid aromatics belong to the large class of alternating aromatic
hydrocarbons which contain only fused six membered benzenoid rings.*®! They
are differentiated from other alternating aromatics by their benzene-like
character, first described in Clar's model of the aromatic sextet.”"! The smallest
example of all-benzenoid PAH is the triphenylene (1), one of the five cata-
condensed isomers with four benzene rings (Figure 1). Concerning its properties,
triphenylene differs distinctly from the other isomers and occupies a special
position: in contrast to [4]helicene (2), chrysene (3), benz[a]lanthracene (4), and
tetracene (5), triphenylene shows lower chemical reactivity and higher
thermodynamic stability, and within a molecular orbital description triphenylene

B4 the highest first ionization energy,*”! and

has the largest resonance energy,
the largest HOMO-LUMO gap.B®! Triphenylene is more benzene-like in its

2
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chemical and physical properties, while the other isomers are more olefin like.
This "benzene-like behavior” can be adequately described in terms of Clar’s

model of the aromatic sextet.?"!

Figure 1. Triphenylene (1) and its cata-condensed isomers.

In the 1970s Clar proposed that the chemical reactivities and other
properties of PAHs could be best understood in terms of localization of the
aromatic sextets present in the molecule. He proposed to assign the m-electrons
that can participate in aromatic sextets to particular rings in such a way as to

obtain the maximum number of m-electron sextets. A Clar model may be viewed
as a distribution of the m-electrons of the respective benzenoid molecule.
Hexagons in which an aromatic sextet is located are populated by six 7-

electrons. Hexagons without an aromatic sextet contain the m-electrons in the
double bonds (if any), belonging to this hexagon; if a double bond is shared by
two hexagons, then one m-electron is attributed to each hexagon. Thus, in all-
benzenoid aromatic hydrocarbons, the number of carbon atoms necessary is an
integral multiple of six. In contrast to tetracene (5a-d), only one Clar formula can
be drawn for triphenylene (1), as shown in Figure 2. Such compounds, with
unique Clar formula, belong to the group of all-benzenoid aromatic hydrocarbons.
Acording to this model, with the same number of carbons, all-benzenoid PAHs
are clearly less reactive and thermodynamically more stable than the
corresponding non all-benzenoid PAHs. The Clar structure enables the
differentiation between bonds which are more olefinic or more aromatic.
Robinson’s circle®® serves as an illustration of the benzene likeness of the

electronic sextet (Figure 2).
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Figure 2. Clar aromatic sextet formulas of triphenylene (1) and tetracene (5a-d).

Within the class of polycyclic aromatics the all-benzenoid PAHs represent
only a small group. Thus, from the total of roughly 20600 possible alternating
hydrocarbons with 4 to 10 fused benzene rings, only 17 are all-benzenoid.
However, they play an very important role in the development of the theory of

polycyclic aromatics.!*!

1 6 7

8

Figure 3. "All-benzenoid” PAHs: triphenylene (1), dibenzo[fg,op]naphthacene (6),
tetrabenzo[a,c, h,jlanthracene (7), and hexa-peri-hexabenzocoronene (8).

Although the Clar theory of benzenoid hydrocarbons is based more on
chemical intuition than on some well founded physical principles (such as the
quantum theory), it is very encouraging to see that after a long time finally
rigorous ab initio quantum chemical calculations appear to support an intuitive
picture of Clar of benzenoid hydrocarbons.*”*°! Chemical and physical evidence
suggest that Clar's model, with its emphasis on m-electron sextet, provides a

reasonably accurate representation of physical reality.
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1.3 Synthesis of PAHs

Small PAHs like naphthalene, anthracene or phenanthrene can be
isolated by the separation of complex mixtures, either from coal tar or side
products of the catalytic hydrocracking of petroleum."®* A far more specific
preparation of PAHs is possible by the means of synthetic organic chemistry, as
shown by the pioneering work of R. Scholl,*'? E. Clar "*'®! and M. Zander.['"™!
Two different methods can be used for the synthesis of PAHs: one is the non-
selective method, in which a mixture of numerous PAHSs is formed simultaneously
under often drastic conditions such as high temperature and strong oxidative
reagents, followed by separation and characterization of the products. An
example of non-selective synthesis of PAHs is shown in Figure 4. The
transformation of a mixture of ketones 9 and 10 in a zinc dust/zinc
chloride/sodium chloride melt at 330-350 °C, gave a mixture of the PAHs 11, 12,
13, and 14, in quantities that could be preparatively isolated.”*? Non-selective
reactions can be of advantage if the starting material is accessible in large scale

and the resulting mixture is separable.

LI Zn/ZnCl, / NaCl
.\ 330-350 °C

Y

S

o 10

Figure 4. An example of non-selective synthesis of PAHs.
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The other method is the selective synthesis of PAHs, which involves a specific,
multistep sequence, leading to a single desired product. Hence, this requires a
high synthetic effort. Some classical routes for the selective preparation of PAHs
are shown in Figure 5; comprehensive summaries of synthetic routes to PAHs

can be found in references [1], [3] and [4].

Figure 5. Selective syntheses of chrysene (15), coronene (16),
tetrabenzo[a,c,h,jlanthracene (17), benzo[s]picene (18) and circumanthracene
(19).

6
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One of the difficulties dealing with larger PAHs is the fact that with
increasing size of the molecule, the solubility decreases dramatically, which
prevents purification, complete spectroscopic characterization, investigation of
their physical properties, and limits their application. A widely applied concept for
increasing solubility of PAHs is the introduction of flexible alkyl side chains to the
pheriphery, usually done at an early stage of the synthesis.***4 Hereby, it
becomes possible to create alkylated, high molecular weight PAHs, possessing
considerably better solubility in organic solvents than their parent core structures.
This is of great advantage for the analysis of spectroscopic and physical
properties, and for the processing of the molecule. Further, introduction of these
substituents modifies the materials properties dramatically, yielding a novel class
of liquid crystalline compounds, where the all-benzenoid PAH cores serve as the
rigid element.

In the group of Prof. Mullen, a synthetic approach was developed in recent
years for the preparation of all-benzenoid PAHs in a size which was previously
not thought possible. This synthetic concept is based on two steps: first,
construction of a soluble, non-planar oligophenylene precursor of well-defined
structure with a close spatial arrangement of the phenyl rings, which is similar to
the framework of the target molecule, and second, planarization of this precursor
to the target molecule by intramolecular oxidative cyclodehydrogenation. The
synthesis of the necessary oligophenylene precursors can be achieved via three
different routes: the intramolecular Diels-Alder reaction, the cyclotrimerization of

diphenylacetylene derivatives and the intermolecular Diels-Alder reaction.

1.3.1 Synthesis of PAHs via intramolecular Diels-Alder reaction

An elegant entry to oligophenylene structures can be achieved by
intramolecular [4+2] cycloaddition of suitable phenylene-vinylene derivatives,
followed by aromatization of the newly formed cyclohexene structures. An
example for such strategy is the synthesis of rhombic tribenzo

[hi,0,uv]triphenylene[2,1,12,11-bcdeflovalene (23), shown in Figure 6.1°! The
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para-terphenyl derivative (20) is subjected to a nearly quantitative intramolecular
[4+2] cycloaddition at 135 °C to form the cyclohexene derivative 21.
Aromatization of 21 with 2,3-dichloro-5,6-dicyanoquinone (DDQ) Yyields
corresponding tetraphenyl substituted tetrabenzo[a,c,h,jlanthracene (22), which
is finally dehydrogenated oxidatively by copper dichloride/aluminium trichloride in
carbon disulfide at room temperature, to the desired rhombic
tribenzo[hi,o,uv]triphenylene[2,1,12,11-bcdeflovalene (23).

‘ CuCl/AICI,

Ol
(%2}
N

Figure 6. Synthesis of the tribenzo[hi,o,uv]triphenylene[2,1,12,11-bcdeflovalene
(23).

Simple variations in the phenylene-vinylene type starting material,
following the synthetic concept introduced herein, permit entry to a series of other
oligophenylenes with defined topology. However, access to the required Diels-
Alder active phenylene-vinylene precursors is, in some cases, preparatively
demanding. In addition, only certain topologies are accessible. Hence, this
synthetic route is not applicable as a general concept for a wide variety of

different PAH topologies and substitution patterns.
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1.3.2 Synthesis of PAHSs via cyclotrimerization of diphenylacetylenes

From a supramolecular aspect, the synthesis of all-benzenoid
hydrocarbons with the hexagonal symmetry of benzene is of particular interest.
The first homologue of this series of hexagonal aromatics is the hexa-peri-
hexabenzocoronene (HBC) (26, Figure 7), which can be prepared by
intramolecular cyclodehydrogenation of hexaphenylbenzene (25).44"1 The
dicobalt octacarbonyl catalyzed cyclotrimerization of diphenylacetylene (also
known as tolane) (24) is a well-established method for the synthesis of

hexaphenylbenzene (25).1%!

R

@ R
Co,(CO), O

FeCl,/CH,NO,

9
O CH,Cl,

R

R = H, t-butyl, alkyl, phenyl-alkyl R

O W W

Figure 7. Synthesis of an HBC via cyclotrimerization of diphenylacetylene and
subsequent oxidative cyclodehydrogenation.

The diphenylacetylene derivatives (24) are easily accessible by palladium-
catalyzed ethynyl-aryl coupling, according to the methods of Heck,"? Cassar,"®”
or Hagihara and Sonogashira.’™ However, it should be noticed that only
symmetrical diphenylacetylenes lead to isomerically pure hexaphenybenzenes.
As the reaction conditions required for the trimerization of tolane tolerate a variety
of functional groups such as alkyl or halogen, the cyclotrimerization offers a
preparatively convenient route to all-benzenoid hydrocarbons with hexagonal
symmetry, and the possibility of introducing solubilizing substituents, and further
derivatization. The final, key step in the synthesis of HBC is the oxidative
cyclodehydrogenation of the appropriate hexaphenylbenzene. Different oxidative
9
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agents can be used for the cyclodehydrogenation reaction. In earlier work
aluminium(lll) chloride was widely used, however antimony(V) chloride and
molybdenum(V) chloride were also examined. The cyclodehydrogenation using
the above oxidative agents suffers from partial cyclization, chlorination of the
aromatic core, phenyl ring migration and alkyl chain cleavage, which preclude the
realization of clean alkylated HBC. To date the highest yields and widest
tolerance towards functionalities other than simple alkyl chains has been
achieved with iron(lll) chloride dissolved in nitromethane, as a Lewis-acid and
oxidant.’? These cyclodehydrogenation conditions were adopted and modified
from the work of Kovacic, who discovered that benzene could be polymerized to
poly-para-phenylenes by a Lewis-acid and an oxidant.®>**! A detailed history and
description of the development of the dehydrogenation methods is discussed in

reference [56].

1.3.3 Synthesis of PAHs via intermolecular Diels-Alder reaction

The cyclotrimerization of diphenylacetylene derivatives allows only the
uniform functionalization of all six phenyl substituents in hexaphenylbenzene (25,
Figure 7), or formation of non-uniform product mixtures. However, if one subjects
diphenylacetylene derivatives (24) to an intermolecular [4+2] cycloaddition with a
suitably substituted tetraphenylcyclopentadienone (27) (also known as
tetracyclones), intermediate Diels-Alder adducts are formed that spontaneously
extrude carbon monoxide at 200-250 °C to give the corresponding
hexaphenylbenzene (28) (Figure 8).°"®% High boiling solvents such as
diphenylether, are required for the intermolecular Diels-Alder reaction with
diphenylacetylenes. The final step, oxidative cyclodehydrogenation of the
hexaphenylbenzene, using iron(lll) chloride dissolved in nitromethane, results in
the desired HBC compound (29).

10
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R’

I O; R" 2P3r?2(;C ’ O : O R”FeCI3/CH3N02 )
+ 0 f' T
O R.. -Cco R O R" R

R’ R, R', R" = H, alkyl, halogen R
24 27 28 29

Figure 8. Synthesis of an HBC via intermolecular Diels-Alder reaction of
diphenylacetylene and tetraphenylcyclopentadienone, and subsequent oxidative
cyclodehydrogenation.

With the choice of appropriate substituents on the diphenylacetylene or
tetraphenylcyclopentadienone, the intermolecular Diels-Alder reaction followed
by a cyclodehydrogenation, opens the way to a broad spectrum of hexa-peri-
hexabenzocoronenes, as shown in Figure 9. The nomenclature of "ortho” and
"para’ substitution is given in analogy to benzene, considering the hexagonal
structure of HBC as "superbenzene”. Further, the functions X can include for
instance halogen atoms, which enable a further functionalization of the HBC
using palladium-catalyzed coupling reactions. In this way, a multitude of HBC
derivatives, with electron-withdrawing (ester, cyano) and -donating (alkoxy,

amino) groups, which influence the electronic properties of the core, have been

prepared.?

mono substituted ortho disubstituted para disubstituted "Janus"-type

Figure 9. Different substitution patterns of HBC-derivatives.

11
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Extended, structurally defined oligophenylene derivatives as precursors for
large, all-benzenoid hydrocarbons with various topologies can be prepared by
intermolecular [4+2] cycloadition of other phenylethynylene derivatives with
tetraphenylcyclopentadienones.'®®? Suitable phenylethylenes are accessible by
palladium-catalyzed Hagihara-Sonogashira coupling of bromine or iodine
functionalized aromatics with acetylenes. As an example, synthesis of the
polybenzenoid C;gHys hydrocarbon (33) via a double Diels-Alder reaction of 1,4-
di(phenylethynyl)benzene (30) and tetraphenylcyclopentadienone (31), and
subsequent cyclodehydrogenation of obtained oligophenylene (32) is shown in
Figure 10.5"

Figure 10. Route to a large CrgHzs PAH (33) via double intermolecular Diels-
Alder reaction and subsequent cyclodehydrogenation.

Terminal ethynyl groups are less sterically hindered and more reactive
than the phenylethynyl derivatives described above. Thus, they may also be
employed in a cycloadition with tetraphenylcyclopentadienone, so that the wealth
of easily accessible oligophenylene derivatives can be further extended.[*®¥ As
an example, synthesis of the large polybenzenoid C132H34 hydrocarbon (36) via
Diels-Alder reaction of 3,5,3’,5-tetraethynyl-biphenyl (34), containing four
terminal ethynyl groups, with tetraphenylcyclopentadienone (31), and subsequent
cyclodehydrogenation of obtained oligophenylene (35) is shown in Figure 11. In
the case of terminal ethynyl groups, Diels-Alder reaction can be completed in
refluxing o-xylene, at a lower temperature (145 °C). A combination of

12
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aluminium(lll) chloride and copper(ll) trifluoromethanesulfonate or copper(ll)
chloride in carbon disulfide, as well as iron(lll) chloride in nitromethane have in
many cases proven to be the best reagents for the planarization of these

unsubstituted oligophenylenes.

N\ V4 it
N QN
V4 N\ O O

34 31
o-xylene
reflux

CuCl/AICI,
cs,
or
FeCl,/CH,NO,
CH,CI,

35 36

Figure 11. Route to larger Cq32H3zs PAH (36) via intermolecular Diels-Alder
reaction and subsequent cyclodehydrogenation.

The poor solubility of large non-substituted PAHs such as 33 and 36 limits
their conventional spectroscopic characterization in solution. Alternatively, solid-
state analytical methods such as matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry, solid-state UV/Vis and Raman
spectroscopy are standard tools for the characterization of insoluble PAHs.%>®!
Furthemore, they could be deposited onto substrate surfaces such as highly
ordered pyrolytic graphite, molybdenum sulphide, copper and gold as ordered
monolayers with characteristic lattice parameters, determined by low-energy

electron diffraction (LEED) or by scanning tunneling microscopy (STM).1#56%72

13
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1.4 "Superbenzene” chemistry

One of the major goals of PAH chemistry is the synthesis of ever
improved, molecularly defined graphite model compounds. By employing the
previously described synthetic concept of planarization of suitable
oligophenylenes, PAHs containing up to 222 carbon atoms have become

accessible (Figure 12).["*]

.40
O O

Intermolecular 170°C
Diels-Alder reaction Ph,0

cyclotrimerization Co,(CO),
125 °C

AICI,/Cu(OSO,CF,)
S,

oxydative
cyclodehydrogenation

-108 H

Figure 12. Synthesis of C22H42 PAH (40).

Thus, the synthesis of the oligophenylene derivate 39, which is composed of 37
phenyl rings, involves a double intermolecular Diels-Alder reaction of

tetraphenycyclopentadienone (31) with the terminal ethynyl groups of tolane 37,

14
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followed by the cyclotrimerization of the newly formed, phenyl-substituted tolane
38. MALDI-TOF mass spectrometry proves that, indeed, 108 hydrogens are
removed upon transition from 39 to 40, and the resulting organic material is 99%
pure. CyoHaz (40) is the largest PAH that has been synthesized so far.

As already mentioned, HBC with its hexagonal symmetry can be
considered as a "superbenzene” where each peripheral benzene ring is equal to
one sp>carbon of benzene. In this fashion, one includes the well-known
nomenclature for substitution patterns for benzene such as ortho, meta, and
para.®? Furthermore, higher homologous PAHs which have been synthesized,
can be regarded as “supernaphthalene” (41),°° “superbiphenyl” (42),"*
“superphenalene” (43),°% and “supertriphenylene” (44),°? in which two, three

and four "superbenzenes” are fused, respectively (Figure 13).

R = H, tert-Butyl
43 R = H, tert-Butyl
44

Figure 13. Structures of “supernaphthalene” (41), ’“superbiphenyl” (42),
"superphenalene” (43), and "supertriphenylene” (44).

15
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1.5 Discotic liquid crystals

The liquid crystal (LC) phase (mesophase) is a well-known state of matter,
which lies between the solid and isotropic liquid phases. In the crystal phase the
molecules have a high degree of order, occupying fixed positions in the lattice.
Conversely, in the isotropic liquid phase only a short-range order dominates, the
molecules are mobile and have no orientation with respect to each other. The LC
phase (mesophase) shares properties of both the crystal and liquid phases,
possessing an intermediate molecular order between the perfect three-
dimensional long range positional and orientational order found in crystals, and
the absence of long-range order found in the isotropic liquids. The LC state is
characterized by having a long-range orientational order and possible partial

positional order (Figure 14).

liquid crystal liquid

Figure 14. Schematic representation of crystal-, liguid crystal- and liquid-phase.

The discovery of liquid crystals in 1888 is commonly attributed to the Austrian
botanist F. Reinitzer, who observed that a material known as cholesteryl
benzoate had two distinct melting points.l” The crystals of this material melted at
145.5 °C into a hazy liquid, which upon further heating to 178.5 °C became clear.
Since then, immense efforts in research and development have pushed this field
to where it now stands.

Acording to classic concept, LCs are divided into two main classes:
thermotropic LCs, whose mesophase formation is temperature dependent, and

lyotropic LCs, whose mesophase formation is concentration and solvent

16
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dependent. The essential requirement for a molecule to be a thermotropic is a
structure consisting of a central rigid core (often aromatic) and a flexible
peripheral moiety (generally aliphatic groups). The shape of the molecules is an
important criterion for determining the LC behavior. This structural requirement
leads to two general classes of LCs: calamitic LCs, characterized by the rod-like
shape of molecules, and discotic LCs, characterized by the disc-like core of the
molecule.

The first discotic LC was discovered by S. Chandrasekhar in 1977, in the
hexa-alkanoyloxy-benzenes (45, Figure 17).'® With a few exceptions, discotic
LCs consist of planar central rigid core surrounded by flexible aliphatic chains at
its periphery. Discotic LCs can show three types of mesophase, with varying
degrees of organization: columnar (col), nematic-discotic (Ng) and lamellar-
discotic, where the structure of the latter has not yet been complety elucidated
(Figure 15).l""

=

Disc-like molecule

Columnar phase (Col) Discotic nematic phase (Ny)  Lamellar columnar phase(Col)

Figure 15. Schematic representation of different mesophases of discotic LCs.

Nematic discotic (Ng) is the least ordered mesophase in which the positional
order is lost, molecules have only orientational order, and the short axes of the
molecules preferably align parallel. The most common mesophases formed by
discotic molecules are columnar mesophases, in which the molecules stack one
on the top of another forming columns, which can further arrange into different

lattices corresponding to hexagonal, rectangular and oblique columnar phases

17
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(Figure 16). Additionally, the degree of established organisation within the
columns can be denoted with ordered (o), disordered (d) and tilted (t), as

depicted in Figure 16, bottom.

Common variations in stacking of the columns

Hexagonal (h) Rectangular (r) Oblique (ob)

Common variations in stacking within the columns

-

Ordered (0) Disordered (d) Tilted (t)

Figure 16. Schematic representation of structures of columnar mesophases.

The discovery of discotic liquid crystals opened up a whole new field of
liquid crystal research. The number of known discotic LCs is growing
continuously; currently more than 1500 different discotics are known.[”® Their
columnar arrangement is an especially promising structure for anisotropic
transport of charge carriers along the columns. Discotic LC are being recognized
for their potentional applications in photovoltaic devices, field effect transistors
(FETSs), light emitting diodes (LEDs) and other molecular electronics.” In Figure
17 some of the most prominent discotic LC are displayed. These range from the
first reported discotic LC namely hexa-alkanoyloxy-benzenes (45), to porphyrins

[81] [82]

(46),®% phthalocyanines (47),®% hexaazatriphenylenes (48),®" perylenes (49),

triphenylenes (50),%° dibenzopyrenes (51),%*! and hexabenzocoronenes (HBC)

18
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(52)46:47:5284-86 \yhich possess the most extended aromatic core. The latter four

belong to the class of polycyclic aromatic hydrocarbons (PAHSs).

XR XR

Figure 17. Selection of discotic liquid crystals.

Among the above mentioned liquid crystalline PAHSs, triphenylenes (50)

are the ones that have been studied most extensively in view of their mechanism

of charge transport,®”! one-dimensional energy transport,’®! photoconductivity,®

ordering of multilayers (investigated by using Langmuir-Blodgett techniques),’®”

orientation of two-dimensional crystals (investigated using scaning tunneling
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microscopy (STM))®" and their alignment under the influence of a magnetic
field® or infrared irradiation.”® The synthesis of triphenylene derivatives is
relatively easy and straightforward,®" and generally they possess good solubility,
long range order in the mesophase and a high charge carrier mobility along the
columns, as well as thermal and chemical stability. However, symmetrically
substituted triphenylenes suffer from having only a very narrow temperature
range for liquid crystallinity. The greatest range of liquid crystalinity which has
been observed is 53 °C for 2,3,6,7,10,11-hexapentyloxytriphenylene.’
Elongation of the alkyl tails leads to a lowering of the crystal-liquid crystal
transition temperature, but also the isotropization temperature; making the alkyl
chains shorter precludes the mesophase formation, but increases the mobilities
by an order of magnitude. Adam and co-workers discovered that 2,3,6,7,10,11-
hexahexylthiotriphenylene exhibits a helical columnar phase, which leads to an
increase of charge carrier mobility to an order of magnitude comparable with
organic single crystals.® Ringsdorf and co-workers have shown that the
introduction of a single electron-withdrawing group directly onto the polyaromatic
core produces a broader range of liquid crystallinity relative to the fully
symmetrical compounds.®®! It has been also shown by Wendorff that introduction
of bulky substituents destabilizes the mesophase; the isotropization temperature
is lowered and the melting point of the crystalline phase, as well as the tendency
to crystallize from the mesophase, is increased.®”! Unsymmetrically substituted
triphenylene derivatives were also prepared and they can also form ordered
columnar phases when appropriate substituents were introduced.®® From the
examples given above, it can be seen that by varying the substituents on the
perimeter of the triphenylene disc, the properties change dramatically.

Increasing the size of the core results in enhanced nt-t overlap, thus giving
rise to larger phase widths and more stable mesophases. Alkyl or phenyl-alkyl
substituted hexabenzocoronenes (HBCs) and their functionalized derivatives are
discotic LC materials with one of the largest PAH cores (approximately three
times the size of triphenylene). Since the first alkyl substituted HBC was
synthesized in 1995 by P. Herwig,*® both the methods for synthesis and

understanding of the structure-property relationships have been subjects of
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intense investigation in the group of Prof. Millen. Two different synthetic routes
for the preparation of HBCs have already been described in Section 1.3. Some of

the alkyl and phenyl-alkyl hexa-substituted HBCs are shown in Figure 18.

f R= (racemic)

b R=n-C,,Hy

¢ R=nCuHy g R= ~ I~ (chiral)
‘ R n-C16H33 /\/k/\/k/\/k/\)\
h R=

e R=Ph-CH,

52a-h

Figure 18. Selection of hexa-substituted HBCs.

The HBC based LC materials normally have a low temperature phase, which is
traditionally called a “crystalline” phase, followed by at least one or more
columnar LC phases. The "crystalline” phase is characterized by a higher degree
of order than the high temperature phase, loss of mobility of aromatic core and

tilting of the discs relative to the columnar axis (Figure 19).

"Crystalline” phase Liquid crystal phase Isotropic phase

Figure 19. Schematic representation of "crystal’-liquid crystal and liquid crystal-
isotropic transitions for HBC.

At elevated temperatures, depending upon the substituents, a transition from
"crystalline” to LC phase can be observed. In the LC phase, the aliphatic chains

are molten and the aromatic cores, which have also some translational and

21



Introduction

rotational mobility, are stacked orthogonally to the columnar axis, and the
columns arranged in a two-dimensional, usually hexagonal, lattice. Transition to
the isotropic state or breaking the columnar aggregates, requires a high energy
and occurs at higher temperatures (> 400 °C) which is in most cases higher than
the on-set of decomposition (decomposition starts at 300 °C by cleavage of alkyl
chains). For example, hexakis(n-dodecyl)-peri-hexabenzocoronene (52b, HBC-
C+2) shows a crystalline phase below 107 °C, and above a hexagonally ordered
LC phase until isotropization at 417 °C, where the compound enters the liquid
state (Table 1).

Compound Tm [°C] Ti [°C] Phase width [°C]
52 b 107 417 310
52 e 15 420 405
52 f 96 430 334
52¢g 81 420 339
52 h -36 231 267

Table 1. Phase transition temperatures of hexa-substituted HBCs.

The phase transition temperatures can be tailored by choosing the type of
alkyl chain periphery. By introducing bulky or branched alkyl substituents, the
transition temperatures can be lowered and the solubility increased. Thus,
introduction of six chiral or racemic 3,7-dimethyloctanyl chains at the periphery of
the HBC (52f, 52g, HBC-Cg,) increased solubility and processability of
compounds, while the thermal crystalline-LC transitions are shifted to lower
temperatures, relative to analogous HBC carrying n-alkyl chains.®® The
isotropization temperature can be further lowered by six long branched alkyl
chains such as 3,7,11,15-tetramethylhexadecanyl (52h, HBC-Cis4).5® By
introducing phenyl-alkyl substituents, a room temperature liquid crystalline HBC
(52e, HBC-PhC1,) was obtained.® The mono- and di-bromo-functionalized HBC
derivatives (Figure 9) were subjected to palladium-catalyzed coupling reactions

to give donor (alkoxy, amino) as well as acceptor (ester, cyano) substituted
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derivatives.®? Their mesoscopic behavior as well as their packing in two and
three dimensions was studied. It was shown that the different substituents in
HBC derivatives induce only small differences in the mesophase structure and
stability. This is in contrast to observations made for triphenylenes where the
mesophase stability is very sensitive towards different substituents or substitution
patterns. An explanation for the different properties of substituted HBCs
compared with triphenylenes is the stronger m-m interactions and the larger size
of the aromatic core in case of HBC, which dramatically stablizes the mesophase
and allows the incorporation of different substituents without losing mesomorphic
properties. The direct visualization of two-dimensional crystals and liquid crystals
of HBC derivatives on surfaces such as highly oriented pyrolitic graphite (HOPG)
and molybdenum disulfide was achieved by STM techniques.®®***! The mono-
bromo-substituted HBC was also used as a starting material for synthesis of new
amphiphilic HBC derivatives, carrying five branched alkyl side chains and one
polar group. The polar group is either a carboxylic acid moiety or an electron
acceptor moiety (anthraquinone).'® It was shown that well-defined thin films of
these amphiphilic HBC derivatives may be obtained by Langmuir-Blodgett
techniques.['"®" Recently, hexakis-(4-iodophenyl)-peri-hexabenzocoronene, a
novel functionalizable mesogenic building block was prepared by a rational

multistep synthesis!'%%

. Although insoluble in common solvents, it can be
obtained in pure form and then further functionalized via six-fold palladium-
catalyzed Hagihara-Sonogashira coupling to give HBC derivatives with an
extended rigid core, which exhibit highly ordered columnar superstructures

(helical columnar mesophases).

1.5.1 Mesophase characterization

For potential applications of discotic LC materials in electronic devices, a
deeper understanding of the order in the bulk material is a key to optimization.
Differential scanning calorimetry (DSC), polarized optical microscopy (POM),

thermogravimetric analysis (TGA) and X-ray diffractometry are necessary tools
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for structural characterization of LC materials. The temperature of phase
transitions of the materials are determined by DSC. TGA gives information about
thermal stability of the material (under nitrogen). The transition to the mesophase
is often accompanied by birefringence and the formation of characteristic
textures. These textures, which can be observed by polarized optical microscopy,
provide an indication of the type of mesophase. The macroscopic arrangement of
the molecules within different phases is best determined by X-ray scattering
methods. A lot of information regarding the nature of the phases can be obtained
by powder X-ray diffraction, however, it is not possible to distinguish between
reflections arising from intercolumnar and intracolumnar order. Therefore,
temperature dependent X-ray measurements are performed on oriented
samples. Good macroscopic orientation of the columnar structures along the
axes of filaments can be accomplished by extrusion of samples through a circular
orifice. Wide angle X-ray scattering (WAXS) measurements recorded with vertical
orientation of filaments, perpendicular with respect to the incident X-ray beam
provide 2D diffractograms with information about the ordering within the columns
and the arrangement of these columns, partitioned along the vertical and

horizontal axis, respectively (Figure 20). If some 3D correlation exists, then

reflexes appear along the diagonals.

b) c)

=\

N\
“~

N\—/

Figure 20. (a) Experimental setup for the X-ray analysis of extruded filaments;
(b) schematic representation of the X-ray diffractogram; (c) intracolumnar
spacing in the tilted columns.

filament 2D -pattern

- U

The recorded diffractograms can be analyzed equatorially (e), meridionally (m) or

integrated over the azimuthal angle. A schematic representation of a
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diffractogram is shown in Figure 20b where common Bragg reflections from the
columnar packing are in the fiber plane and lie on the equator (a). The diffuse
scattering of aliphatic side chains, which are not oriented appear as a ring (b).
The discs belonging to the same column are parallel to the fiber axis and give
rise to reflections that lie on the meridian (c). If discs are tilted within the column,
then additional reflexes appear along the diagonal (c’).

Solid-state NMR spectroscopy is also a very powerful tool to understand
the packing mode and dynamics on a molecular level, and can be used in

combination with X-ray scattering./'®!

1.5.2 Charge carrier mobility

Overlapping m-orbitals in the stacked aromatic cores provide coaxially-
insulated conductive pathways which offer a unique possibility for the one-
dimensional transport of charge. This makes discotic compounds serious
candidates for application as organic charge transport layers in a variety of
devices such as field effect transistors (FETs), photovoltaic cells and
electroluminescent displays. The mobilities of the charge carriers can be
estimated in a number of ways including time of flight (TOF) photoconductivity,
pulse radiolysis time-resolved microwave conductivity (PR-TRMC), and in
standard device (e.g. FET) configurations."™ 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 measurement. The mobility
values for the LC phases of HBCs, recorded by PR-TRMC are the highest ever
found for discotic materials, and are well in excess of the value of 0.1 cm?V's™
found by both PR-TRMC and TOF techniques for the helical columnar phase of
2,3,6,7,10,11-hexahexylthiotriphenylene.l'®! The values are in fact comparable
with the room-temperatures mobilities determined for single crystals of aromatic
compounds. The highest values (1.13 cm?V's™) are observed in some of the
“crystalline” phases, while transition to the mesophases coincides with a distinct

decrease in mobilities (0.17-0.46 cm?V's™).l"%! As an example, temperature
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dependence of one-dimensional charge carrier mobility for HBC-C, (52b) is

depicted in Figure 21.
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Figure 21. The temperature dependence of one-dimensional charge carrier
mobility of HBC-C+2 (52b)

In case of HBC-C1, (52b), upon heating mobility remains almost constant at 0.96
cm?V's™ up to approximately 105 °C, where an abrupt desrease in charge
carrier mobility down to 0.38 cm?V's™ occurs within a few degrees Celsius. After
this, no further change in mobility 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 (Figure 21). The drop in charge
carrier mobility occurs at the temperature at which the HBC-C, transforms from
the crystalline phase into the columnar hexagonal mesophase, and is most
probably due the onset of uniaxial rotation of the molecules. A similar
temperature dependant behavior has been reported for the charge carrier
mobility of triphenylenes and phthalocyanines.l'””! On the other hand, for HBC-
PhC4, (52e) which is LC at room temperature, no evidence is found for an abrupt
change in charge carrier mobility at any temperature within the range studied,
and the absolute value of the mobilities at elevated temperatures were very close

to those for the mesophases of alkyl substituted HBCs.['%!
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1.6 Discotic liquid crystals as semiconductors in electronic
and optoelectronic devices

Considerable scientific and tehnological efforts have recently been
devoted to discotic liquid crystals as functional materials for applications as active
components of field-effect transistors (FETs), photovoltaic cells, and light-emitting
diodes (LED)."®'%%1% This interest can be explained by the increased charge
carrier mobility in discotics as compared to conventional conjugated polymers.
Generally, the high charge carrier mobility results from the ability of the discotics
to self-organize into columns thereby maximizing the overlap of frontier orbitals.
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. They also have the
advantage that they can be processed extremely cheaply over large areas at low

temperatures by processing directly from solution.

1.6.1 Field effect transistors (FETS)

Phthalocyanines were probably the first reported organic semiconductors,
and the ones that have been studied the most. They are thermally stable up to
400 °C and are easy to evaporate under vacuum. The field effect was reported in
phthalocyanines as early as 1970 and FETs were made in 1988.1"""! Their field-
effect mobility ranges between 10* and 102 cm?Vv's" """ The key problem
with phthalocyanines remains their extreme sensitivity to oxygen.

Recently, it was shown that substituted HBCs (HBC-PhC42, HBC-Cs ;) can
be processed from solution, to form films with supramolecularly ordered columnar
stacks which lie parallel to the substrate and can be oriented uniaxially onto
poly(tetrafluoroethylene) (PTFE) alignment layers.I'™ This high interfacial order
achieved by solution processing under ambient conditions is a required for FETSs.
By implementation of these aligned semiconducting films, high FET mobility up to

10° cm?V's" and a high on/off ratio of 10* was achieved. A typical FET
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configuration with discotic molecules as the electronically active component is
shown in Figure 22.

The control of the order and orientation of discotic liquid crystalline
materials is a crucial point for the successful device application. An "edge-on”
arrangement of the columnar mesophase is required for devices such as organic
FETs, while photovoltaic cells and LEDs dictate “face-on” arrangement
(homeotropic alignment) as shown in Figure 22. Phenomenologically, "edge-on”
alignment is the preferred orientation of discotic molecules and can be achieved

by different processing techniques.['"*"?®! Homeotropic alignment in thick films

can be achieved thermally by cooling columnar materials from the melt, or
g [121-123]

annealing just below the isotropization temperature of material

—AN

"edge-on” VS. ”face-on”

Field Effect Transistor Photovoltaic Device

Insulator Indium-tin oxide
\ Substrate (gate) \ \ Glass substrate \

Figure 22. Schematic representation of two different electronic device types and
their desired arrangement of discotic molecules as electronically active
components: "edge on” for FETs versus "face-on” for photovoltaic devices.

1.6.2 Photovoltaic devices

Solar cells with high efficiency are usually fabricated from inorganic

semiconductors.!"? Flat-plate photovoltaic technology of today is based mainly
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on single or polycrystalline silicon solar cells. However, the technology is too
expensive for many applications to be viable. Organic thin-film solar cells are
very attractive for flat-plate terrestrial applications because they can be fabricated
using potentially low-cost methods, which can process a large area substrate in
an economic way. The basic structure of a solar cell consists of two layers of
semiconductors that form a p-n junction that are sandwiched between two
electrodes, one of which being transparent (Figure 22).

Early attempts to produce photovoltaic cells with phthalocyanine LC
resulted in devices with low efficiency, probably due to poor alignment of the
LC.['* Recently, Schmidt-Mende and co-workers constructed a p-n type
photovoltaic solar cell using discotic liquid crystal HBC-PhC4, as the hole
transporting layer and crystalline perylene diimide (PDI) dye as electron
transporting layer.'*®! A mixture of HBC-PhC4, and PDI in solution were spin-
coated onto indium tin oxide (ITO). Photodiodes were prepared by the
evaporation of aluminum onto HBC:perylene blend films. External quantum
efficiencies of up to 34% (at 490 nm) and power efficiencies of 2% were
obtained. These efficiencies are comparable with the best ones reported for

organic photovoltaic devices.

1.6.3 Light emitting diodes (LEDs)

m-Stacked organic materials are also capable of electroluminescence and
over recent years they have been of interest to investigate their potential for
applications in the area of organic light emitting diodes (OLEDs). Initially
triphenylene based discotic LCs were employed as hole transport
materials."”?'%! More recently, with the development of new columnar LCs
pyrene and perylene derivatives, OLEDs have been constructed using discotic
LCs as both the electron and hole transporters.['**! Some groups have explored
the electroluminescence and charge transport properties of photo-crosslinked

and conjugated-bridged triphenylene derivatives in OLED applications.['*"!
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1.7 Motivation and objectives

As was pointed out in previous sections, discotic liquid crystals, especially
those based on triphenylene and hexa-peri-hexabenzocoronene, show excellent
electronic and optoelectronic properties, low-cost solution processing with good
film-formation, alignment by standard techniques and the capability of self-
healing. However, despite these recent advancements, there are still further
possibilities for improvement of the properties of these materials via modifications

of molecular structures.

Larger disc cores should lead to liquid crystals with increased columnar
stability and order, and as believed, to materials with higher charge-carrier
mobilities. At some critical size, new types of mesophases should be obtained in
which the tendency of smaller discs to tilt against the columnar axes will be
replaced by a simple lateral offset (graphite-like stacking adopted to optimize
orbital interactions). It may at first appear challenging to synthesize larger soluble
graphitic subunits with discrete sizes, symmetry, and substitution patterns, all of

which may critically affect future device performance.

Triphenylene
C18

Hexa-peri-hexabenzocoronene (HBC)
C42

S

uperphenalene
C96

Figure 23. Molecular structures of selected PAHs with increasing core size.

Here the attention is focused on "superphenalene” (Figure 23) in which the all-
benzenoid PAH core is about six times larger than that of triphenylene and 2.5-3

times larger than HBC. In addition, its symmetry (Dsy) and straightforward
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regiospecific (Cz-symmetric) functionalization on the periphery could lead to
helical bulk phases and chiral expression during 2D surface patterning. Highly
efficient face-to-face stacking in the bulk should be realized from such a
truncated near-triangular shape, unperturbed by tethered side chains located
near its apexes. Improved solubility will allow purification of new materials (very
important for applications in devices) 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. It was shown by M.
Wehmeier that the introduction of six tert-butyl groups around the
superphenalene core is not enough to solubilize this large PAH.®® For this
purpose, suitable solubilizing groups, such as long alkyl chains, have to be
selected, which can sufficiently compensate for the strong m-1t stacking tendency
of the large aromatic cores to make the molecules soluble enough for solution

analysis and processing, but still preserve the nt-n stacking as a favorable driving

force for supramolecular ordering.

For successful, highly efficient devices, the order and orientation of the
material are crucial points. To achieve control over these two parameters, an
understanding of the structure-property relations is required and is currently far
from complete, at least in the field of discotic liquid crystals. While edge-on
alignment is the preferred orientation of discotics, homeotropic or face-on
alignment has so far only been achieved by cooling columnar materials from the
melt. Since the isotropization temperature (T;) for most HBC derivatives is much
higher than the on-set of decomposition, lowering of the isotropization
temperature is essential. It was shown in the work of A. Fechtenkoétter that the
introduction of six long branched alkyl chains, such as 3,7,11,15-
tetramethylhexadecanyl, around the HBC core, led to a effective lowering of T.1®®!
The affinity of the discs toward face on arrangement can be also increased by the
introduction of heteroatoms, such as oxygen, into the side chains. The merging of
these two ideas should lead to materials with improved thermal properties and a

proclivity for face-on aligment on surfaces.
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R R
alkyl or phenyl-alkyl substituents branched alkyl-ether substituents
- high isotropization temperature - lower isotropization temperature?
- "edge-on" alignment preferred - possible "face-on" alignment?

Figure 24. Improvement of material properties through side-group variation.

Self-assembly for materials applications can be controlled by appropriate
structural modification at the core periphery. Attachment of rigid polyphenylene

dendrimers to the core should induce steric hindrance which is expected to affect
the efficient m-t stacking of the cores. Hence, the investigation of self-assembly

behavior and photophysical properties of derivatives bearing such bulky groups

can reveal the basic relationship between the structure and properties.

Q = polyphenylene dendrimer

Figure 25. Superphenalene core with the bulky groups at the periphery.

Substitution of HBC in a benzene-analogous way with electron-donating
and withdrawing groups has been found to have little effect on the electronic
properties of the core.®? A far more significant change of these properties can be
achieved by changing the size and symmetry of the core, as has been
demonstrated in the work of C. Simpson, for a serious all-benzenoid PAHSs.
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However, to date few large PAHs with "zig-zag” periphery have been selectively
synthesized, and the effect of this geometric variation on their properties
evaluated. The integration of "zig-zag” edges to the parent PAH disc, such as
HBC or superphenalene, should influence, not only its electronic properties but

also its two- and three-dimensional self-assembly behavior.

Figure 26. Conceptual incorporation of "zig-zag” edges to parent all-benzenoid
PAHs (HBC and superphenalene).

The main objectives of this study can be summarized by the following points:

e to efficiently synthesize superphenalene discs with appropriate solubilizing
side chains that enable purification, characterization (solution and bulk) and

processing;

e the synthesis of HBC derivatives with branched alkyl-ether substituents on the
periphery, and the assessment of the thermal and supramolecular properties

of the columnar mesophases that they form;

e the synthesis of dendronized superphenalenes and the investigation of the

self-assembly behavior in solution;

e to develop a synthetic route to a new family of graphitic molecules (HBC and
superphenalene related) with partial “zig-zag” periphery, and to evaluate their

properties (in particular electronic properties).
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CHAPTER
2

Superphenalene-Based Columnar Liquid
Crystals

2.1 Synthesis of hexa-substituted "Superphenalenes’

The synthesis of the hexa-substituted “superphenalene” (henceforth
referred to as C96) discs 53a-g (Figure 27), based on our general route to large
PAHSs, can be completed in two steps from readily available starting materials.['®!
The first step is construction of a well-defined polyphenylene scaffold with a close
spatial arrangement of the phenyl rings which is similar to the framework of the
target molecule, and second, planarization of this precursor to the target
molecule by oxidative cyclodehydrogenation. The general synthetic route to the
hexa-substituted "superphenalenes” (53a-g) is outlined in Figure 27. Diels-Alder
reaction of commercially available 1,3,5-triethynylbenzene (54) with excess (3.6
equiv) disubstituted tetraphenylcyclopentadienones 55a-g, in o-xylene at 170 °C
gave the corresponding polyphenylene compounds 56a-g. The workup of these
first generation dendrimers was by evaporation of the solvent, followed by
column chromatography to afford colorless solids (56a,b,e-g) or highly viscous
oils (56¢,d), in nearly quantitative yields. All were readily soluble in organic
solvents and their structures and purities were unequivocally confirmed by 'H
and C NMR spectroscopy, FD or MALDI-TOF mass spectrometry, and

elemental analysis.
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54 o-xylene
reflux

CH,CI,

Figure 27. Synthesis of hexa-substituted "superphenalene” (53a-g).

The required disubstituted tetraphenylcyclopentadienones 55a-g were
prepared via three different synthetic routes. The synthesis of 3,4-bis(4-
dodecylphenyl)-2,5-diphenylcyclopentadienone (55a) and 3,4-bis(4-
heptylphenyl)-2,5-diphenylcyclopentadienone (55b) is shown in Figure 28.
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Figure 28. Synthesis of disubstituted tetraphenylcyclopentadienones (55a-b)
from 4,4 -dibrombenzil (60).

4,4’-Didodecylbenzil (61a) and 4,4 -diheptylbenzil (61b) were easily synthesized
in a one-pot reaction from commercially available 4,4 -dibromobenzil (60). First,
™8 of 1-dodecene (57a) or 1-heptene (57b) with 9-

borabicyclo[3.3.1]Jnonane (58) in THF at room temperature, overnight, gave the

hydroboration

corresponding intermediate organoboranes 59a-b, which were then directly used
in the subsequent Suzuki coupling!'®'? with 4,4’-dibrombenzil (60) in the
presence of catalytic PdCI,(dppf). Reactions were complete after 5 hours at room
temperature, and 4,4’-didodecylbenzil (61a) and 4,4 -diheptylbenzil (61b) were
isolated in 72-73% yield, after column chromatographic purification. The route
previously used in our group for the synthesis of 4,4’-didodecylbenzil (61a)
involved the four-step synthesis of 4,4 -didodecyldiphenylacetylene, followed by
its oxidation with iodine in DMSO.!"®! The new, general route for the synthesis of

n-alkyl substituted benzils presented here is synthetically less demanding and
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overall higher yielding. 4,4 -Didodecylbenzil (61a) and 4,4 -diheptylbenzil (61b)
were reacted in the next step in a double Knoevenagel condensation with
commercially available 1,3-diphenyl-2-propanone (62) to afford the
tetraphenylcyclopentadienones 55a-b,!"" as dark purple, viscous oils in 73 and
89% yield, respectively, after purification by column chromatography.

The synthetic pathway to 3,4-bis[4-(3,7,11,15-
tetramethylhexadecyl)phenyl]-2,5-diphenylcyclopentadienone (55¢), 3,4-bis[4-(2-
decyltetradecyl)phenyl]-2,5-diphenylcyclopentadienone  (55d), 3,4-bis[4-(3,7-
dimethyloctyl)phenyl]-2,5-diphenylcyclopentadienone (55e) and 3,4-bis[4'-(4""-
dodecylphenyl)phenyl]-2,5-diphenylcyclopentadienone (55f) is outlined in Figure
29. These disubstituted tetraphenylcyclopentadienones were accessible by
coupling of the alkyl chains to 4,4’-dibromodiphenylacetylene (63), oxidation of
the triple bond to a diketone (66c¢-f) and reaction of this in a double Knoevenagel

condensation with 1,3-diphenyl-2-propanone (62).

64c-f
RMgBr
Br = Br R = R
O O [PdCI,(dppf)], THF, reflux O O
63 65c-f
I,, DMSO
155 °C
o 62
IO cud b
O O TBAOH, t-BUOH
80 °C R R
R R
55¢c-f 66c-f
c R= /\)\/\)\/\)\/\)\

Figure 29. Synthesis of disubstituted tetraphenylcyclopentadienones (55¢c-f) from
4,4 -dibromodiphenylacetylene (63).
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The synthesis of disubstituted diphenylacetylenes, 4,4 -bis(3,7,11,15-tetramethyl
hexadecyl)diphenylacetylene (65c), 4,4 -bis(2-decyltetradecyl)diphenylacetylene
(65d), 4,4-bis(3,7-dimethyloctyl)diphenylacetylene (65e), and 4,4'-bis(4-
dodecylphenyl)diphenylacetylene (65f), was carried out according to procedures
used before by our group:"®?% under Kumada coupling conditions using
PdCly(dppf) as the catalyst in THF, Grignard reagents 64c-f were coupled with
4.,4°-dibromodiphenylacetylene (63), which can be prepared in a two step
synthesis, according to literature procedures, on several hundred gram
scale.?"?2 Oxidation of the above synthesized disubstituted diphenylacetylenes
65¢c-f with iodine in DMSO at 155 °C resulted in the corresponding 4,4'-
disubstituted diketones 66c-f. Two-fold Knoevenagel condensation of 66c-f with
1,3-diphenyl-2-propanone (62), using tetrabutylammonium hydroxide as base,

gave disubstituted tetraphenylcyclopentadienones 55c-f in good yield (64-77%).

The third synthetic route used for the preparation of disubstituted

tetraphenylcyclopentadienone building blocks is depicted in Figure 30.

62

68 o
KOH Q I O O>_©_ o Q O
B
R EtOH -0 O-H Q
O O
G e (D
water/toluene, 95 °C
oRa o7 T
67 \ &
Br 60 Br

0] )

O (0]
/ 559 \

Figure 30. Synthesis of disubstituted tetraphenylcyclopentadienone (55g) from
dibromo-substituted tetraphenylcyclopentadienone (67).

Namely, 3,4-bis[4'-(4 "-methoxycarbonylphenyl)phenyl]-2,5-diphenylcyclopenta-
dienone (55g) could be synthesized directly from 3,4-bis(4-bromophenyl)-2,5-
diphenylcyclopentadienone (67) via coupling with commercially available (4-
methoxycarbonylphenyl)boronic acid (68) under Suzuki conditions with palladium
catalysis in a two phase system of toluene and water.['? This synthesis is a

modification of the general procedure described in the PhD thesis of T. Weil.[?®
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The starting material (67) can be easily prepared by double Knoevenagel
condensation of 4,4’-dibromobenzil (60) and 1,3-diphenyl-2-propanone (62) on a
multigram scale. The Suzuki coupling between 67 and 68 was accompanied by a
small degree of dehalogenation of 67, leading to a small percentage of
monosubstituted tetraphenylcyclopentadienone in the product. Such a side
reaction is not a problem as the desired product 55g could be separated and
purified by column chromatography due to the difference in polarity, and was
isolated in 67% vyield.

The final, key step of the synthesis of hexa-substituted superphenalenes
(53a-g) is the oxidative cyclodehydrogenation of polyphenylene precursors (56a-
g) under Lewis acid conditions (Figure 31).?%?* The cyclodehydrogenation to the
superphenalene disc required the removal of 36 hydrogens and the formation of
18 carbon-carbon bonds in a single reaction step; this is three times the number
required for HBC. Hence, longer reaction times and greater oxidant excess were
required to obtain the near-quantitative conversions typically realized during HBC
synthesis. It has been found that 2.5 equivalents of iron(lll) chloride per hydrogen
to be removed and 15-18 hours reaction time resulted in the best results, leading
to the formation of 53a-g (in case of hexa(4-methoxycarbonylphenyl)-C96 (539),
140 equivalents of iron(lIl) chloride and 48 hours were required, see experimental
section). For example, polyphenylene precursor 56a was dissolved in
dichloromethane and planarization was effected with iron(lll) chloride (90 equiv,
i.e. 2.5 equiv per hydrogen to be removed) slowly added as a nitromethane
solution. Throughout the duration of the reaction, a constant stream of argon was
bubbled through the mixture to remove HCI gas formed in situ. Fresh
dichloromethane was added intermittently to replace that which had evaporated.
After 18 hours, a deep red-brown solid was precipitated from the reaction mixture
with methanol, dried, and purified by column chromatography to afford the
desired product, hexadodecyl-C96 (53a) as a chestnut red-brown waxy solid. The
low solubilities of hexa(3,7-dimethyloctyl)-C96 (53e) and hexa(4-dodecylphenyl)-
C96 (53f), have so far precluded preparative chromatography.
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CH,CI,

Figure 31. (a) Cyclodehydrogenation of polyphenylene precursors 56a-g to the
corresponding superphenalene (C96) derivatives (53a-g) and (b) their computer-
generated three-dimensional structures!® (alkyl chains omitted for clarity).

Compounds 53a-g were identified by MALDI-TOF mass

spectrometry,26:%"]

proving the loss of exactly 36 hydrogen atoms during the
formation of 18 new carbon-carbon bonds. The MALDI-TOF mass spectra,
measured with 7,7,8,8-tetracyanoquinodimethane (TCNQ) as matrix, revealed a
single spicies with isotopic distribution, which is in strong agreement with
simulated spectra. The isotopically resolved MALDI-TOF mass spectra of 53a-g

are shown in Figure 32.
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Figure 32. MALDI-TOF mass spectra of 53a-g; inset shows isotopic distribution.

In all '"H NMR spectra of compounds 53a-d, regardless of solvent and
temperature (up to 170°C), resonances arising from the mobile alkyl side chains
could be resolved, but not those of the aromatic-core protons due to low mobility
and the multitude of local environments associated with dynamic aggregation.!"#®!
Hexadodecyl-C96 (C96-C1,, 53a) aggregates so strongly in solution that analysis
by gel permeation chromatography gives a bimodal molecular weight distribution
(THF, polystyrene standards) extending to 2 x 10° Dalton. Dilution by an order of
magnitude and heating just prior to measurement resulted in a monomodal
eluogram with a maximum of ~2 x 10° Dalton, clearly indicating dynamic
aggregation.

The one-dimensional 'H and *C solid-state NMR spectra of C96-C1 (53a)
at different temperatures, look rather similar with very few resolved peaks, as
shown in Figure 33.”®! The alkyl proton peak narrows upon increasing the

temperature due to increasing mobility of the side chains.
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Figure 33. (a) 'H and (b,c) "°C solid-state NMR spectra of C96-C1, (53a) at
varied temperatures.

The solution UV/Vis absorption spectra of 53a-g show a broad, featureless
profile (Amax = 460-475 nm) with a low-energy tail extending to ~700 nm, again a
consequence of aggregation. UV/Vis absorption and fluorescence spectra of
C96-C+, (53a) measured under varying concentration or temperature are shown
in Figure 34. The maximum of absorption (Amax) is located at 462 nm. UV/Vis
measurements showed no dependence on concentration over the range 10 —
10® M. The variable temperature UV/Vis measurements in 10° M toluene
solution did not show any temperature dependence, over the range 20 °C — 85
°C (85 °C was the experimental maximum; small variations in the absorbance are
within the limit of experimental error). C96-Cq, (53a) in THF gives a broad
unstructured emission centered at ~ 570 nm, significantly red-shifted compared
to alkyl substituted HBCs (=480 nm);®® a shoulder at ~ 640 nm (10° M)
increases in relative intensity with decreasing concentration as shown in Figure
34c. The reason why relative intensity of the peak at 640 nm changes with
concentration while the peak at 570 nm remains unchanged is currently not
known. In contrast, variation of temperature over the range 300 — 400K has no
influence on the fluorescence spectrum of 53a in 1,2-dichlorobenzene (Figure
34d). The absorption maxima of hexa(4-dodecylphenyl)-C96 (53f) and hexa(2-
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decyltetradecyl)-C96 (53d) are located at 474 nm, each red-shifted 12 nm
compared to 53a (Amax = 462 nm). This can be explained, in the case of 53f by
the extension of the conjugated m-system, while for 53d, by the introduction of
long dove-tailed alkyl substituents. These dove-tailed groups with branching at
close proximity to the aromatic core, dramatically influence the self-organization

behavior, leading to less aggregate formation.
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Figure 34. (a) Concentration dependence of UV/Vis absorption spectra of 53a in
toluene and (b) temperature dependence in a 1.1x10®° M toluene solution; (c)
concentration dependence of fluorescence spectra of 53a in THF (excited at 462
nm), and (d) temperature dependence in a 10° M 1,2-dichlorobenzene solution
(excited at 462 nm).

A good correlation between the size of all-benzenoid PAHs and their absorption
Amax has been put forth,"*" and the values for C96 compounds fit nicely onto this
curve. The maximum absorption of hexa-substituted C96 derivatives is shifted,
relative to HBC (Amax ® 360 nm), to a position within the visible solar spectrum

that could provide more effective photovoltaic performance.
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The solubility behaviors of compounds 53a-g have so far been completely
unpredictable. Despite their large aromatic core, derivatives 53a-d readily
dissolve at room temperature (53b upon gentle heating), in common organic
solvents such as dichloromethane, chloroform, THF, and toluene, and do not
precipitate upon concentration to lyotropic phases. This is in marked contrast to
the significantly smaller HBC-C4, (52, R = n-C42H2s5), which virtually completely
precipitates from heated organic solvents upon cooling to room temperature,
even at concentrations lower than micromolar. Under suitable conditions, 53a
slowly precipitates to - or can be solvent cast to - soft films, unlike the analogous
HBC-C+2, which rapidly self-assembles to micro and nanofibers, gelling the
321 Moreover, hexa(2-decyltetradecyl)-C96 (53d) is the first

substituted large PAH known to be soluble in nonpolar solvents such as pentane

mother liquor.

or hexane. In contrast, hexa(3,7-dimethyloctyl)-C96 (53e) and hexa(4-
dodecylphenyl)-C96 (53f), bearing side chains that induce high solubility in
HBC’s, display very low solubility regardless of solvent and temperature.
Counterintuitively, the short 4-methoxycarbonyl-phenylene side chains of hexa(4-
methoxycarbonylphenyl)-C96 (53g) induce very high solubility in opposition to the
very poor solubility imparted by long flexible 4-n-C4;H2s-phenylene side chains
(53f). Solubility is clearly a function of side-chain space-filling/packing, (strong
solution aggregation indicates that dissolution occurs by solvent penetration inter-

rather than intracolumnarly), though no clear correlation can be derived as yet.

KOH / water

THF, reflux

Figure 35. Hydrolysis of the ester groups of 53g to carboxylic acids of 69.
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Although a hexaphenylbenzene carrying the same functionality as in 56g
resists cyclodehydrogenation to the analogous HBC, hexa(4-
methoxycarbonylphenyl)-C96 (53g) was obtained under standard conditions.
Soluble hexa(4-methoxycarbonylphenyl)-C96 (53g) is a novel functionalizable
mesogenic building block, offering new possibilities for post-synthesis chemical
modification of the ester groups, e.g. (non)covalent attachment of additional
electronic components for columnar “double cables”,*® polymer arms, etc.

Hydrolysis of the ester groups of 53g to carboxylic acids (Figure 35) imparts high

solubility in alkaline water, most likely in the form columnar micelles.

2.2 Supramolecular characterization

Solid samples of 53a-g were characterized by thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), polarized optical microscopy
(POM), and wide-angle X-ray scattering (WAXS). A prerequisite for the
supramolecular behavior and phase characterization of the molecules studied is
their thermal stability, which was investigated by thermogravimetric analysis

(TGA) using nitrogen as inert gas. A typical example is shown in Figure 36.
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Figure 36. TGA analysis of C96-C+; (53a)
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Up to temperatures of about 300 °C the alkyl substituted C96 discs are stable,
shortly thereafter a steady mass loss sets in up to about 500 °C which can be
attributed to the decomposition of the alkyl chains.* Above 500 °C thermal
degragation of the aromatic core occurs, which remains incomplete up to a
temperature of 900 °C, where still about 50% of the total mass remains.
Therefore, when treating the studied compounds thermally, the temperature was

kept well below the decomposition temperature.

Differential scanning calorimetry (DSC) was used to determine the
temperatures at which structural transitions occur in the sample. The first heating
curve often is dependent on the thermal and the treatment history of the sample,
e.g. the conditions of precipitation. In order to evaluate reproducible results, the
values from the second heating curve were taken into account. While 53b-g
show no thermal transitions (DSC) in the interval from —100 °C to 250 °C, 53a
gives a single, reversible first-order endotherm at 34 °C on heating (Figure 37).
The endothermic enthalpy change that corresponds for this transition is 31.4
kd/mol.

T=21°C

Cooling

AH

exo
Second heating

First heating

-100 0 100 200
Temperature / °C —

Figure 37: Differential scanning calorimetry scans of 53a (10 K/min).
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The liquid-crystalline character of 53a-d was confirmed by the observation
of birefringent, shearable thin films between crossed-polars, but no sharp
changes with temperature were seen (Figure 38). Instead, we noted a steady
increase in birefringence and the development of some as yet unassignable
textures while annealing at 150 °C. This birefringence persists, i.e. the sample
does not become isotropic, up to the experimentally accessible maximum, 550
°C (compare to HBC-C12: Tisotropization ® 410-420 °C). However, a characteristic
fan-like texture typical for mesophases could not be observed, because the
samples could not be first melted due to the high isotropisation temperatures of
53a-d.

tooum

Figure 38. Polarized optical microscopy images of sheared film of (a) 53a and
(b) 53d, at room temperature.

X

Surprisingly, 53a is a soft waxy material at room temperature, in contrast
to HBC-C12 (52, R = n-Ci2H25)*° which is a microcrystalline powder, due to
crystallization (tilting) of the discs within their columns and partial crystallization of
the side chains. The C96 derivatives 53b-d also possess the same waxy and soft
consistency of 53a at room temperature. To understand the structure of the
materials in the bulk, temperature dependent X-ray scattering was measured for
oriented fibers (as described in the Introduction). Fibers with coincident columnar
and fiber axes were produced from 53a-d by extrusion through a 0.7-mm

orifice.® Compounds 53e-g could not be forced through the extruder, even
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when heated as high as 200 °C. 2D-WAXD diffractograms of 53a-c reveal
hexagonally packed columnar mesophases with disc planes perpendicular to the
columnar axes, derived from the three main features: [I. equatorial reflections
with relative reciprocal spacings 1,43 ,V4, ..., indicating a hexagonal packing, /I.
a diffuse halo arising from liquid-like side chains, and Ill. intense symmetric arcs
on the meridian at d = 0.34 nm, typical for -7 stacking (Figure 39 and 40). The
broadness and low relative intensity of the higher order equatorial reflections may
reflect the electron density profile (large disc cross-section with "thin” alkyl
mantel), or may indicate short-range order lateral to the columns, again pointing

to the high solubility in spite of very strong stacking.

(100)

O

alkyl halo

y T y T y T
0 1 2 3

S/nm' —— ~

Figure 39. 2D X-ray diffraction pattern of an extruded fiber of 53a and its
integrated intensity distribution (room temperature after annealing at 150 °C for
12h).

At 30 °C, the unit cell parameter of the lattice in the hexagonal columnar
arrangement of C96-C+, (53a) and C96-C14 (53c) is expanded to a = 3.19 nm
and a = 3.83 nm, respectively, relative to a = 2.80 nm for C96-C; (53b). This is

55



Superphenalene—-Based Columnar Liquid Crystals

attributed to increasing the length of the alkyl substituents on the periphery of the
core. Increasing the temperature to 150 °C results in slightly higher values of unit
cell parameter, due to the thermal expansion of the system (for example, in case
of C96-C7 (53b) at 30 °C, a = 2.80 nm, while at 150 °C, a = 2.88 nm). The angle

in a hexagonal cell is o = 120°.

equatorial
meridional

—
(o)
'
(100)
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meridional
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Figure 40. 2D-WAXS diffractrogram of (a) C96-C; (53b) and (c) C96-C+4 (53¢)
at 30 °C (after heating up to 150 °C and cooling back to room temperature); (b),
(d) : intensity distribution along the equator and meridian.

The meridianal reflexes (d = 0.34 nm, labeled 001) are relatively intense
suggesting long-range intracolumnar order. "Crystallization” (tilting) of the cores,
often observed in columnar discotics and planar m-systems in general,’®**"! s
completely suppressed at room temperature in the case of 53a-c. In concord with
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POM observations, there was no abrupt change in the diffraction pattern with
temperature, but instead all peaks became sharper and more intense after
annealing at 150 °C for 12 hours.

Cooling 53a well below its endothermic transition and then measuring at
room temperature reveals reversible reorganization to a superstructure
superimposed on the hexagonal columnar arrangement. Additional weak smaller-
angle meridianal/equatorial reflexes and off-meridianal reflexes flanking the
original ~0.34 nm reflex appear while selected equatorial arcs split with minima at
the equator, as shown in Figure 41. Measurement with a film camera and
overexposure visualize weak diffraction results in additional meridianal reflections

at intermediate angle (Figure 41c). These suggest a superstructure which may

arise from helical stacking.

Figure 41. (a) 2D-WAXS pattern from extruded fiber of 53a at room temperature
after annealing at —-30 °C overnight and (b) magnification of central region
showing split equatorial reflections; (¢) measurement with a film camera .

Preliminary studies also indicate that such a phase is present in HBC-PhC in
the low temperature phase, where thermal energy is sufficiently reduced and disc
rotation ceases. The solid-state NMR and rheological measurements for C96-C1,
(53a) indicate cessation of disc mobility and a more rigid phase below the

endothermic transition (Figure 42). These effects are ascribed to the predicted

57



Superphenalene—-Based Columnar Liquid Crystals

helical stacking and/or formation of a “plastic’™® or "glassy’™® mesophase
promoted by the "pinwheel” substitution pattern and the extended all-benzenoid
PAH core. Smaller discotic m-systems become immobile and tilt to optimize
intermolecular orbital interactions,®”’ a thermodynamic contribution which is
overwhelmed at higher temperature. In the absence of tilting, favorable orbital
interactions might be achieved instead by a lateral disc offset (graphite-like

stacking).

— '
Gll
10°
10’
G'/Pa
G"/Pa 105
10°
10°*
10* 44—
-100 -50 0 50 100 150 200 250

Temperature / °C

Figure 42. Storage (blue line) and loss (red line) moduli of 53a recorded as a
function of temperature during cooling (cooling rate is 2 °C/min.) The dynamic
mechanical experiments revealed a change in shear storage modulus from more
than 10° Pa to 10" Pa.

The 2D-WAXS patterns of hexa(2-decyltetradecyl)-C96 (C96-C14 .10, 53d),
measured at 30 °C and 150 °C are shown in Figure 43, and at both temperatures
reveal that the molecules stack in columns which are arranged in a hexagonal

lattice. This follows from the characteristic peaks for hexagonal ordering

observed at scattering angle positions 1,/3,4, .... These peaks correspond to
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the 10, 11, and 20 reflections in a two dimensional hexagonal lattice. The unit cell

parameter is a = 3.48 nm, and this value remains the same from 30 °C to 150 °C.
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Figure 43. 2D-WAXS patterns of 53d at 30 °C (a) and 150 °C (c). (b), (d):
intensity distributions along the equator, the meridian and the diagonal.

Reflexes seen on the meridian at 0.47 nm indicated that discs are tilted by an
angle of ¢ = 38° relative to the columnar axis. The tilt angle is calculated using
the equation @ = arcos (d./d) (see Figure 43). The repeat distance along the
column d; corresponds to the first peak in the meridional distribution (for 53d the

value of d;j is 0.46 nm). The cofacial distance d; corresponds to the n- & stacking

distance and is generally about 0.34 nm for flat m-systems. Introduction of the
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long "dove-tail” alkyl chains around the core does not have an influence on the

thermal behavior of 53d (no phase transition in DSC). However, it shows a strong

influence on the discs arrangement, and causes tilting of the discs within the

columns with the respect to the columnar axis. This can be attributed to the

branching at the R-position combined with the rotational freedom around the C96-

Cq bond, which induce a large steric demand and decrease the strong interaction

of the aromatic cores.

All attempts to extrude fibers of 53e-g failed. These compounds could not

be forced through the extruder, even when heated to as high as 200 °C. Non-

extruded samples of 53e-g were measured at room temperature in a ©-0O-X-ray

diffractometer, then heated to 150 °C and measured, cooled down and measured

again. Typical powder X-ray diffractograms of 53e-g are shown in Figure 44.
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Figure 44. Powder X-ray diffraction patterns of 53e-g at room temperature.

Independent of temperature, three main features can be observed: I. intense
reflexes at d = 2.56, 3.03 and 2.56 nm for C96-C8,2 (53e), C96-PhC12 (53f), and
C96-PhCOOMe (539g), respectively, which are attributed to the lateral column-
column spacing /. broad alkyl halo with a maximum at d = 0.45 nm, caused by
the amorphous side chains (absent in the case of C96-PhCOOMe), and /ll. a
broad reflex at d = 0.34 nm, which indicates the presence of the columns. Upon

heating up to 150 °C and then cooling back to room temperature, no changes in

the structure were detected. Compounds 53e-g did not display a well-defined

60



Superphenalene—-Based Columnar Liquid Crystals

correlation between columns. The only peak observed in the small angle region
is consistent with a lateral column-column distance. The shape of this peak is
rather broad and together with the absence of higher order reflexes (even at 150

°C) inducates that there is no long-range positional correlation between units.

2.3 Charge carrier mobility

The results presented in this section are the direct outcome of a strong
collaboration with Dr. Michael G. Debije and Jorge Piris in the group of Prof. John
M. Warman, TU Delft, The Netherlands.

The coaxially-insulated, conductive pathways provided by the columnarly
stacked macrocyclic cores in mesomorphic discotic materials offer a unique
possibility for one-dimensional charge transport. This makes discotic compounds
serious candidates for applications as organic charge transport layers in a variety
of devices such as field effect transistors, photovoltaic cells, and light-emitting
diodes. For optimum performance, compounds are sought which display high
charge carrier mobilities and a broad temperature range over which they possess
liquid-crystalline mesophases. An estimate of the maximum mobility that could
possibly be achieved with a given type of discotic material is therefore useful for

setting realistic aims and guidelines for optimal device design and performance.

The pulse-radiolysis time-resolved microwave conductivity technique (PR-
TRMC), as applied to the study of the conductive properties of discotic C96
materials, has been fully described elsewhere.***’1 Briefly, the bulk solid is
contained in a cell consisting of a 1 cm length of Ka-band (26.5-42 GHz)
waveguide, closed at one end with a metal plate ("short circuit") and flanged at
the other end for connection to the microwave detection circuitry. A uniform
micromolar concentration of charge carriers is produced in the sample by a
nanosecond pulse of ionizing radiation (3 MeV electrons from a Van de Graaff

accelerator). Any change in the conductivity of the sample resulting from the
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formation of mobile charge carriers is monitored (without the need of electrode
contacts) as a decrease in the microwave power reflected by the sample cell.
The one-dimensional, intracolumnar charge carrier mobility is determined from
the end-of-pulse conductivity per unit dose, Aceop/D (Sm2/J), using the
relationship

Aceop .&
D Wp

Tp =3 (1)

where E, is the average energy deposited in eV per ionization event and W, is
the probability that initially formed ion-pairs survive to the end of the pulse. The
value of E, was taken to be 25 eV, and the values of W,, which were all within
the range 0.36 + 0.12 for the present compounds, were calculated as described
previously."*®! The factor of 3 in Eq. (1) takes into account the fact that the
organized columnar domains within the bulk samples investigated are randomly
oriented and that charge transport is expected to be highly anisotropic and to
occur almost exclusively along the axis of the macrocyclic stacks. The mobility
sum, 2u = p(+) + pu(-), is used in Eq. (1) since the PR-TRMC technique does not
allow the determination of the separate contributions of the positive and negative
charge carriers. The measurements were carried out on the freshly-prepared
materials as received with no prior thermal treatment. Since the conductivity
measurements are extremely sensitive to even trace impurities which function as
trapping centers for mobile charge carriers, charge transport properties were
measured for C96 derivatives (53a,b,c) which could be purified by column
chromatography.

Figure 45 shows the mobility values as a function of temperature for the
C96 derivatives. The data for 53a display only a gradual increase with
temperature with no abrupt change indicative of a phase transition. This behavior
is also found for C96-C; (53b) and C96-C14 (53c) and has been previously
reported for the HBC-PhC+,.*¥ This is in accordance with the fact that these
compounds are already liquid crystalline at room temperature. The mobilities
found for these compounds are all substantially lower than for the compounds

which are crystalline solids at room temperature. This follows the general trend of
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a reduced charge mobility in the mesophase of discotic materials which is
attributed to the introduction of dynamic disorder within the columnar stacks on
"melting" of the aliphatic side-chains. The maximum room temperature values of
Zup found for the liquid crystalline derivatives of HBC and C96 are all close to

0.2 cm?V's™, indicating no significant dependence on core size.
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Figure 45. The temperature dependence of the one-dimensional intracolumnar
charge carrier mobility for 53a,b,c; first heating (full circles) and cooling (open
circles).
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Compound T[°C] Phase Ty [cm?V sl Calculated

HBC-C1, RT K 0.70
95 1 K 0.96

11501 D 0.38 0.42

HBC-Ph-C1; RT D 0.22 0.42
100 D 0.31

C96-C+, RT D 0.16 1.26
100 D 0.20

C96-C; RT D 0.20 1.26
100 D 0.23

C96-C164 RT D 0.06 1.26
100 D 0.08

Table 2. Intracolumnar charge carrier mobilities Zu1p in discotic HBC and C96
derivatives on heating: [a] — at about T(K—D) — 10 °C; [b] — at about T(K—D) +
10 °C; [c] — calculated using Eq. (2); K denotes the crystalline solid phase, D
denotes columnar mesophase.

For comparative purposes, the mobility values for these compounds, given
in Table 2, are for room temperature (RT) and temperatures of approximately 100
°C, i.e. close to the T(K—D) + 10 °C temperatures for the room temperature
crystalline materials (HBC-C42). It can be seen that the mobilities in the
mesophases of all of the C96 derivatives lie within the range ca. 0.1 to 0.3
cm?V's™. The values of Zuip for three alkyl substituted C96 derivatives 53a-c
show a tendency to decrease with increasing alkyl chain length from 0.23 to 0.20
to 0.08 cm?V's™ in going from C96-C; (53b) to C96-C+, (53a) to C96-C1s4 (53¢).
A similar tendency has been found for alkoxy-substituted triphenylenes.*"! The

values found for the present compounds (53a-c) are approximately an order of
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magnitude larger than the maximum value of 0.025 cm?V"'s™ previously found for
discotic triphenylene derivatives,”*® and similar to values found for HBC
derivatives in the liquid crystalline phase.*¥ Moreover, the mobilities are
essentially independent of temperature (over the range measured), which is of
major importance with respect to applications in thin layer devices.

On the basis of the maximum values of the mobility found in the
mesophase of a variety of discotic materials with different (hetero)aromatic cores,
Van de Craats proposed the following empirical relationship between Xusp and

the core size:!*®
Swip= 3exp(-83/n) [cm?V's™] (2)

The limiting, infinite core, value of 3 cm?®V's” was taken as the value found for
sheet-to-sheet charge transport in graphite. The values of Zu4p calculated using
Eq. (2) for HBC and C96 compounds are given in the last column of Table 2. As
can be seen, Eq. (2) predicts an increase by a factor of 3 in going from HBC to
C96, whereas experimentally no improvement in charge carrier mobility was
observed. In addition, the absolute value calculated for C96 is more than a factor
of 5 larger than that actually measured. Eq. (2) is therefore clearly not supported
by the present results. We conclude rather that the mobility is in fact relatively
insensitive to the size of the aromatic core, at least for core sizes larger than
approximately 40 carbon atoms. Although the C96 compounds studied were
purified similarly to the HBC derivatives by using column chromatography, trace
amounts of impurities may still be present after purification. In comparison to
HBC, a larger excess of oxidant (iron(lll) chloride) has to be used in the final
cyclodehydrogenation reaction during the preparation of C96. Additionally, it is
possible that the larger aromatic core of C96 more effectively intersticially traps
traces of contaminants, which can not be removed using the purification
techniques that are available to us. This may explain why no improvement of the
values of Zuqp is observed, since the conductivity measurements are extremely
sensitive to even trace impurities which function as trapping centers for mobile

charge carriers, thus canceling the advantage gained from a larger core size. On
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the other hand, in recent theoretical work, consideration has been given to the
influence on the charge transfer integral of lateral, longitudinal and rotational
fluctuations within the columnar stacks of discotic materials.***®! It was shown
that charge mobilities are maximized in cofacial conformations, and they are
dramatically reduced for angles of 60, 180 and 300°, as a result of the D3y,
symmetry in case of the triphenylene molecule. Hence, deviations from cofacial
packing, in order to avoid steric hindrance among lateral chains are highly
detrimental to the transport properties. In the case of C96, which also possess
D3, symmetry, rotation of the cores will dramatically reduce the number of the
core carbon atoms which can interact between adjacent stacked discs, and could
be another reason for lower than expected values of Zuip being observed for
C96 compounds. One of the general conclusions reached from the previously
mentioned study was that "an increase in size of the conjugated core does not
necessarily ensure better transport properties".*®! The results presented here

tend to support this conclusion.

2.4 Uniaxial alignment of C96-C1, by solution processing

Direct processing of organic semiconductors from solution presents an
important criterion for low-cost device manufacture. Additionally, an important
step in the fabrication of efficient (opto-)electronic devices is control of structural
order and the alignment of the ordered units of active semiconductor material, as
this can improve charge carrier transport in the material significantly.*% |t was
shown that different device configurations require different kinds of order and
therefore varied processing techniques. An efficient application in photovoltaic
devices necessitates “face-on” arrangement of the molecules,”*" while the
"edge-on” order with uniaxial columnar orientation in the direction of the charge
migration is desired in FETs.’>** Langmuir-Blodgett®>°®! and zone-crystallization
techniques!'®*" were reported as suitable methods to gain highly ordered surface

layers. The solution casting onto pre-oriented poly(tetrafluoroethylene) (PTFE)
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layers enables the fabrication of large aligned areas, with highly oriented discotic
materials.®®*% Recently, using the zone-casting technique which is based on
solution processing, highly ordered thin layers of HBC-C1, were prepared.®® The
optical properties of these films in polarized light could be switched reversibly
from anisotropic in their crystalline state to high birefringent in the mesophase.®"!
This control of optical behavior was possible due to the highly ordered structure
of these layers and the specific intracolumnar arrangement which changed from
the herringbone structure in the crystalline state to the cofacial n-stacking in the
mesophase. Moreover, these HBC-C4, layers also revealed high field-effect
properties (FET mobility up to 0.5x102 cm2V's™).

In this section, we demonstrate that large-area, uniaxially aligned thin films
of C96-C+, (53a) can be prepared in one processing step on untreated glass by
the zone-casting technique. The results that are presented below were obtained
in cooperation with Wojciech Pisula in the group of Prof. Mdllen.

Zone casting was performed by using of a specially constructed
apparatus, schematically presented in Figure 46. A syringe with the solution was
placed into the upper heating block, whereas a glass support onto the lower
block. Both blocks were thermally controlled. The solution flow was controlled by
a step motor which ejects the solution at a constant flow. Another motor moves
the support under a nozzle at a controlled speed causing the solution to be

spread onto the support.

Nozzle

Meniscus

/

Temperature 2

> Moving support

Syringe

Temperature 1

Figure 46. Schematic presentation of the zone-casting apparatus.

67



Superphenalene—-Based Columnar Liquid Crystals

During this procedure, a meniscus is formed between the nozzle and the support.
While the solvent evaporates, the concentration gradient changes within the
meniscus. When the critical concentration is attained, the material begins to
precipitate from the solution onto the moving support forming the aligned thin
layer. The film morphology is controlled by the processing parameters, e.g. the
polarity of the solvent, concentration, temperatures of the heating blocks, solvent
flow, substrate velocity, which strongly affect the processed material. The optimal
processing parameters for C96-C4, were toluene solution (1 mg/ml), substrate
velocity of 20 um/s, and temperatures of 55 °C and 45 °C for the solvent and the
substrate, respectively. The zone-casting was performed directly onto an
untreated glass substrate.

Thin homogenous layers were obtained during the zone-cast processing
of the discotic C96-C4, at optimized conditions. The assignment of the optical
anisotropy is one important tool in order to investigate the structure of the
uniaxially oriented films./*” The optical anisotropy is strongly dependent on the
transition dipole moment of the molecules, which in turn gives essential
information about the molecular organization. Cross-polarized optical microscopy
(POM) in Figure 47(a),(b) indeed exposed a high optical anisotropy of the zone-
cast films. The degree of birefringence depended on the orientation of the layer's
zone-casting direction axis relative to the anaylzer/polarizer axis. It is obvious
that the maximum birefringence appeared at angles of 45° between the
deposition axis of the layers and the anaylzer/polarizer axis, whereas by
coinciding both axes an optically complete erasation of light was observed. This
strong optical anisotropy of the layers was verified by absorption measurements
in polarized light performed parallel and perpendicular to the casting direction.
The absorption spectra are shown in Figure 47c. The absorption spectra of C96-
C+2, recorded perpendicular and parallel towards the deposition direction,
displayed a maximum absorption at 480 nm with a nearby shoulder at 565 nm.
This is an 18 nm red shift in comparison to the absorption of C96-C+, in solution.
This significant absorption shift can be explained by the pronounced columnar
aggregation in the solid-state film after zone-casting. A dichronic ratio of 3.04 was

determined from the maximum absorption peaks, whereby the higher absorption
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took place during the measurements perpendicular to the casting direction. The
optical behavior observed for the zone-cast layers were similar to the results
reported for thin HBC-PhC,, films, which were uniaxially oriented on friction-
deposited PTFE.®? The optical anisotropy of the layers aligned by both
techniques is closely connected to the molecular arrangement and thus to the
transition dipole moment which is oriented in the aromatic core. X-ray studies of
bulk samples revealed an orthogonally arranged of the disc molecules towards
the columnar axis.® Therefore, the higher absorption of polarized light takes
place perpendicular to the columnar axis, which is oriented in the casting
direction, and the index of refraction parallel and perpendicular to the optical axis
is different. At an angle of 45° of this optical axis to the polarizer directions, the

sample imparts maximum birefringence.

0.2 (c) perpendicular

400 500 600 700 800
Wavelength / nm

Figure 47. POM image of zone-cast C96-C+, with (a) 45° and (b) 0° of the
deposition direction towards the analyzer/polarizer axis. The number 1" shows
that the same part of the sample and the same light intensity is used for both
images. White arrow indicates the zone-casting direction; (¢) UV/Vis absorption
spectra in polarized light measured parallel and perpendicular to the casting
direction.
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In order to correlate the optical properties of the films with the supramolecular
arrangement of the molecules, structure investigations by means of electron
microscopy were performed. Electron diffraction enables the assignment of the
intra- and intercolumnar in-plane structure within the zone-cast layers. Figure 48
presents typical electron diffraction pattern of zone-cast C96-Cq,. Distinct
equatorial reflections indicate high uniaxial intercolumnar orientation in the
casting direction. On the other hand, meridional peaks, corresponding to the
characteristic intracolumnar distance of 0.34 nm, confirmed the orthogonal
intracolumnar arrangement of the discotic molecules towards the columnar axis,
also found in bulk samples. Moreover, the shape of the meridional reflections
verifies also the high intracolumnar order of the molecules. The position of the
first equatorial reflections peak was correlated to an intercolumnar distance of
3.26 nm for a C96-C, hexagonal phase, which is in agreement with the unit cell

parameters determined for extruded filaments, examined by X-ray diffraction.

Figure 48. (a) Electron diffraction of zone-cast films of Cgs-C12; (b) magnification
of the equatorial reflections from pattern in (a); arrows indicate the casting
direction.

Since the electron diffraction results provide information only about the in-
plane structure of the zone-cast films, additional X-ray scattering experiments

performed in reflection offer information about the out-of-plane arrangement.
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(b)
(c)
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Figure 49. Temperature dependent theta-theta X-ray diffraction of zone-cast
C96-C+2: (a) at 30 °C, (b) at 150 °C and (c) cooled back to 30 °C.

The X-ray diffraction presented in Figure 49 of zone-cast C96-Ci,
suggests a uniform out-of-plane structure with an intercolumnar period identical
to that in-plane. Furthermore, during thermal treatment no changes in the
supramolecular structure were observed. This is analogous to the behavior
reported for the bulk material which also did not show any temperature
dependent structural transitions. Both techniques, electron diffraction pattern and
X-ray diffraction, revealed only one main reflection at identical positions for the
zone-cast C96-Cq, layers. By assuming an identical hexagonal columnar
arrangement in the bulk and in the zone-cast surface layers, the appearance of
the same unit cell parameter in both investigated planes might suggest strong
displacement of the columnar lattice along the casting direction. A uniform
hexagonal columnar order on the substrate would show reflections at a different
position for both planes, but in a relationship of 3 to each other. Nevertheless,
the results from electron diffraction proved that the columns were highly oriented
in the deposition direction. Furthermore, the packing parameters evidently
suggest that the discotic molecules were in a edge-on orientation towards the
support. The aromatic cores were oriented perpendicular to the substrate and

therefore the columnar axis parallel to it.
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In conclusion, it was found that highly ordered surface layers of C96-Ci,
can be obtained by the zone-casting technique. The organization of films
obtained from solution depends strongly on the nucleation and growth ability of
the material. The zone-cast films revealed high macroscopic uniaxial orientation
of the columns with a molecular edge-on arrangement on the glass support and
high intracolumnar arrangement of the discotic molecules, as confirmed by using
polarized optical microscopy and structure studies performed by means of
electron- and X-ray diffraction. These findings are essential for the possible
application of the new C96-C4, material in electronic devices, such as FETSs,
because of the ease with which highly ordered films can be prepared in one step

from solution.

25 Self-assembly and  electrical properties  of
supramolecular architectures of C96-Cq, studied by
Scanning Force Microscopy (SFM) and Kelvin Probe Force
Microscopy (KPFM)

In this section, the self-assembly of C96-C4, (53a) from solutions onto a
mica surface, using different solvents and deposition techniques is described.
Moreover, attention is focussed on the growth of such a system on
heterogeneous surfaces, in order to exploit surface recognition to direct the self-
assembly on the tens of micrometers scale. Finally, the electrical characterization
of networks of C96-C4, molecules on a surface, achieved by using of Kelvin
Probe Force Microscopy is also described. The results originate from a long and
productive collaboration with Dr. Paolo Samori and Matteo Palma, ISOF-CNR,
Bologna, Italy.

Dry thin films were prepared on muscovite mica surfaces systematically
varying the solution concentration. The mica was freshly cleaved before the
deposition took place. 1,2-Dichlorobenzene and chloroform were chosen as

solvents, because they provide good solubility of C96-Cq,. The temperature of
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the substrate and the solution were systematically varied (up to 160 °C) during
the deposition, in order to gain insight into its effect on the self-assembly at
surfaces. To probe the kinetics of the process of self-assembly, the molecules
were processed into thin films using three different methodologies (Figure 50):

(a) by immersion of the mica sample into a heated solution for 5 minutes followed
by drying on a heating plate, at the same temperature as the solution for 2 hours.
(b) by drop-casting, by applying a 20 ul drop of solution onto the surface and
letting the solvent evaporate. The time required for the complete evaporation of
the solvent was a few hours (2 %2 h) when deposition was carried out on a
heating plate, or 2 days at room temperature.

(c) by spin-coating: a drop of solution is placed on the substrate that is rotated

very fast for 30 sec. The adsorption therefore occurs very rapidly.

solvent
evaporation
(a) > e
solution
U solution solvent
‘ evaporation
(b) E— > =
U solution solvent
evaporation
> [

O
(c)
® = 5000 rounds/min

Figure 50. The deposition methods: (a) immersion, (b) drop-casting and (c) spin-
coating.

Different methods (immersion, drop-casting and spin-coating), exploited to
process the ultra-thin films from solutions onto surfaces, lead to different results.
The formation of a given structure depends on the interplay between a number of

parameters including the type of deposition process, the choice of the solvent,
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the concentration as well as the temperature of the solution and of the substrate.
These boundary conditions were systematically varied leading to three different
surface morphologies:

1. a continuous layer, with a thickness ranging from 1.9 to 3.5 nm (Figure 51a).
This height, being comparable with the molecule diameter, suggests an edge-on
packing of the molecules at surface;

Il. a percolated network of fiber-like objects, having widths of 11 £ 2 nm, heights
of 2.7 £ 0.4 nm and lengths on the micrometer scale (Figure 51b);

Ill. broken patterns of elongated clusters with heights of 2.6 + 0.8 nm, widths of
10 £ 2.5 nm and lengths of 200 + 100 nm (Figure 51c).

Figure 51. SFM topographical images of thin films of C96-C, adsorbed on mica
by (a) drop-casting a 10° M 1,2-dichlorobenzene solution at 135 °C, (b)
immersion of the substrate in a 10° M 1,2-dichlorobenzene solution at 85 °C. (c)
drop-casting a 10™° M chloroform solution at 45 °C.
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Self-assembly from solutions is a quite complex process which involves
the substrate, the solvent, the solute and the ambient atmosphere. The surface is
initially coated with a uniform layer of solution. Assuming a non-uniform
evaporation of the solvent, upon drying-up of the solvent, areas of uncovered dry
surface are obtained.’® The unstable film evolves via nucleation and growth of
these dry patches. At the end, the dry uncoated areas coalesce, the solvent
evaporates completely and the molecules are frozen at the interface between
colliding dry patches. The supramolecular arrangement depended strongly on the
employed deposition method (drop-casting, immersion or spin-coating), even for
the same solvent, concentration and temperature. Interestingly, the immersion

method led to more uniform films on the micrometer scale.

2.5.1 C96-C;, at the interface with Au electrodes

To measure the electrical behavior of molecules in a current-carrying
electrical device, we need to connect them via electrodes to the outside world.
Moreover, it is of prime importance to gain an insight into the properties of the
molecular based architecture when interfaced to a metallic electrode. This is
fundamental in order to tailor contacts, and with this in mind, we have studied the
self-assembly of the C96-Cq, in confined spaces and its behavior when
interacting with Au nanostructures.

To explore the role played by the type of substrate on the self-assembly,
and to investigate interfacial recognition processes, we have produced a
heterogeneous surface. A 180 um wide mica channel located between two gold
electrodes were prepared by vacuum sublimation of gold onto a freshly cleaved
mica surface covered with a metallic wire. The channel was obtained by lifting off
the covering wire. The thickness of the deposited gold layer was 12.1 £ 1.6 nm.
This patterned surface was then used as a substrate for the deposition of a C96-
C12 solution. Large variations of surface morphology on mica have been
observed on the tens of micrometer scale. Figure 52 shows various morphologies
obtained with two different C96-C1 solutions: a 10™> M solution in chloroform drop
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cast at room temperature (Figure 52b) and a 5x107 M solution in 1,2-

dichlorobenzene deposited by immersion at room temperature (Figure 52c).

Mesoscopic
dewetting
(mass transport)

—— SOLUTION

Microscopic dewetting
(network formation)

MICA

Figure 52. a) Schematic cartoon depicting the dewetting process. Topographical
SFM image revealing b) different morphologies obtained on mica deposited by
drop-casting a 10> M solution of C96-C4; in chloroform at room temperature, at
distances of 85, 55, 35 and 15 uym from the Au electrode; c¢) different
morphologies obtained on mica depositing by immersion of a 5 x 10”7 M solution
of C96-C1; in 1,2-dichlorobenzene at room temperature, at distances of 85, 45,
25, 5 um from the Au pattern. Image sizes and Z- ranges (h) are indicated in the
images.

In both cases, at a distance of ~85 ym from the electrode the surface morphology
was similar to that observed on a neat mica support, being characterized by the
aforementioned percolated network. As the distance from the gold wall was

decreased, the web density increased leading to a structure made up of
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aggregates close to each other. At short distance (5 ym) from the Au electrode,
flat layered areas begin to appear between the network regions, leading to a
uniform monolayer of C96-C+, that covered the surface near the Au wall; the
layer had an average thickness of 1.4 + 0.2 nm. This value is slightly smaller than
the molecule diameter of 1.7 nm, thus suggesting an edge-on adsorption on mica
with a slight tilt from the normal.

The organic solutions used in the various experiments preferentially
interact better with Au rather than with mica, as confirmed by contact-angle
measurements. If a drop is deposited at the Au-mica frontier, partial mass
transport of the liquid towards the metal can be observed on the tens of
micrometers scale by optical microscopy. This is evidenced by a rapid
enlargement of the drop borders on the gold side, whereas the contact area with
the mica is pinned. This suggests that the different morphologies previously
observed are due to a longer retention of the solution in proximity to the gold
electrode, while only an ultrathin liquid layer remains on the areas far form the
electrode, which is prone to dry faster. The gold layer used in our experiments
was only 12.1 + 1.6 nm thick, while the effects of the step were visible at
distances of tens of micrometers from the Au-mica interface. This suggests that
the topographical effect on the surface morphology due to the Au step is
negligible. Thus, the difference observed on such a mesoscale is likely due to
different dewetting dynamics caused by the presence of the gold electrode, with
the liquid drop slowly retreating toward the gold surface, as shown in Figure 52a.
The resulting surfaces show a hybrid architecture where organic and metallic
phases are in intimate contact. Hence, while Van der Waals interactions control
the self-assembly process on a nanometer scale, hydrodynamic forces can

govern the growth on micrometer and sub-micrometer length scales.

To have a homogeneous self-assembled structure on mica between two
gold walls, a different method has been used for preparation of the C96-C+; films
in the confined space. This time the gold has been deposited by vacuum
sublimation on top of the previously self-assembled C96-C; film consisting of

fiber-like objects. For example, a film of C96-C4, on mica prepared using the
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immersion method from a 5x10” M 1,2-dichlorobenzene solution has been used
for this purpose. On top of the spider web, 4.6 + 1.3 nm thick gold layer has been
produced by vacuum sublimation (Figure 53). This type of contact between the
gold electrodes and our supramolecular nanostructures has been used to

investigate the electrical properties of C96-C1, architectures.

Gold wall

o

[Scan length = 6 um]

Figure 53. SFM topographical image of thin film of C96-C4, (produced by
immersion using 5x10" M 1,2-dichlorobenzene solution), partially covered by
gold.

2.5.2 Electrical properties

Electrostatic force microscopy (EFM)®

and Kelvin probe force
microscopy (KPFM)®! have been employed to study the electrical properties of
different C96-C, architectures on mica. The surface charge on the sample has
been mapped and absolute work function value of C96-C4, nanostructures has
been determined.

Recently a number of new atomic force microscopy (AFM) techniques

exploiting electrically conducting probes have been developed to measure
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electrostatic forces, charge distributions, voltage drops, capacitance, resistances
and surface potentials on sub-100 nm length scales. These new AFM
adaptations, i.e. electrostatic force microscopy, Kelvin probe microscopy, hold
great promise for electrical characterization of materials since high resolution
topographic imaging and electrical measurements are achieved simultaneously,
providing direct correlation of electrical properties with specific topographic
features.*®!

Electrostatic Force Microscopy (EFM) maps the spatial variation of the
potential-energy difference between a tip and a sample surface, which results
from a non-uniform charge distribution and variations in surface work function
The work function, ¢ of an infinite metal surface is defined as the energy
difference between two states of the solid.®”! In the initial state the electron is in
the highest occupied level of the neutral ground state of the solid, i.e. at the
Fermi level Eg. In the final state the solid is singly ionized with the electron being
at infinity in vacuum at rest, i.e. at the so called vacuum level (VL). For organic
semiconductors it is reasonable to consider Er at the midpoint of the HOMO-
LUMO gap.[®® For standard EFM imaging the research instrument is operated
in non-contact mode with an electrically conducting cantilever. The conductive
cantilever is electrically biased relative to the sample. This bias results in an
electrostatic force between the tip and charge on the sample surface. This
electrostatic force causes cantilever deflection. Standard EFM shows regions of
relatively higher or lower surface charge on the sample.

Both AC and DC voltage bias signals can be applied simultaneously
between the tip and the sample. In this case, the voltage between the tip and the

sample can be expressed by the following equation:

V(1) = Ve - Ad + Vao sin(ot) (3)

where V. is the DC offset potential applied to the tip, A¢ is the surface potential
on the sample (difference in work function between the tip and the sample), and
Vac and o are the amplitude and frequency of the applied AC voltage signal,

respectively.
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For standard EFM imaging the conductive Si cantilever is electrically
biased relative to the gold electrode previously deposited on the C96-C1; fibres
by vacuum sublimation. It was then possible to observe regions of relatively
higher or lower surface charge on the sample. Figure 54 displays a topographical
(Figure 54a) and an EFM image (Figure 54b) of C96-C+, deposited on mica from
a 10° M chloroform solution. The topographical image shows an adsorbate
network having a height of 2.6 + 0.8 nm. The typical width of the network features
is 11 £ 2 nm, corresponding to several molecular diameters. Small globular co-
adsorbates with a height of 5 nm are visible on top of the fiber branches (see
arrows in Figure 54). In the EFM image the C96-C1, network appears brighter
than the surrounding flat areas, indicating that the former is more charged. On
the other hand the co-adsorbates are darker. This suggests that they are more
poorly charged and, importantly, provides evidence that the recorded EFM signal

does not merely reflect the topography of the surface.

Figure 54. (a) SFM topographical and (b) EFM images of C96-C¢, networks
deposited on mica from a 10° M chloroform solution. The EFM measurements
were performed applying a bias of 8V to the sample. Arrows indicate impurities
co-adsorbates on the network. Image size 1 pm.

The EFM yields only a qualitative indication of surface charging, and can not be
applied for quantitative measurements. Thus, we implemented our system to

perform KPFM microscopy.
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Enhanced EFM mode, also known as Kelvin Probe Force Microscopy
(KPFM) (Figure 55), provides quantitative data on surface charge.®>®® A
feedback loop is the only additional equipment for this mode. This loop applies a
variable DC offset potential (voltage) to the cantilever tip to maintain a zero
electrostatic force on the tip. The potential difference that zeros the force on the
tip is a measure of the surface potential difference between the tip and the
sample (F, = 0 = A¢ = V,). The research instrument is operated in non-contact
mode with an electrically conducting tip. So the absolute work function value of
semiconductor and metal surfaces can be determined knowing the work function
of the tip. This can be easily obtained using a material with a well known work

function value as a reference sample for the calibration.

Signal modulation of frequency @ due to

tip-sample electrical interaction F,, ~ A¢ - Vacip

Active feedback varies Detection
Ve.tip t0 zero Fg, of Ag

AC voltage
applied

Laser

V., sin(wt)

Figure 55. KPFM apparatus.

In our experiments a p-type silicon tip has been used, while HOPG has
been employed as a reference sample for calibration. It is in fact easy to obtain a
clean HOPG surface by simply cleaving the sample with adhesive tape.
Moreover, the HOPG work function is well known to be 4.65 eV."™ Thus, on a
freshly cleaved HOPG (® = 4.65 eV) the surface potential (= work function

difference between the tip and the sample) has been shown to be:
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A® (tip - HOPG) = 225 + 10 mV
so the silicon tip work function is:
@ (tip) = 4.65 + 0.225=4.875+ 0.010 eV
This value is in reasonable agreement with that of 4.85 + 0.05 eV for a p-type

silicon. Materials with a known work function have then been studied to ensure
the correct set up of the tip (Figure 56).

Au (measured) Ay (theoretical)

I Silicon 4.8-5.2 5.1
S"':%“ U (iheoretical) 4.8-4.9
Graphite ’ I 1
5 (reference) 4.65 — | I

Work function (eV)

Figure 56. Work function values.

For Au surfaces (® = 5.1 eV) deposited by vacuum sublimation on mica, we have
found (for different samples and for different zones of the same gold surface), a
wide range for the experimented work function:
4815eV <@ (Au)< 5.215eV

The observed variations in work function values for different gold surfaces are in
good agreement with reference studies.”” Such effects can be caused by
adsorbates or surface states since KPFM measurements are sensitive to dipole
layers at the surface of the layer to be measured.’" It also can depend on the
degree of crystallinity and on the crystal structure of the Au sample. By applying a
potential bias (Va) to the gold electrode, the surface potential of both the gold
wall and the sample shifts upwards by an amount of Va, while the difference in
work functions remain constant.
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Work function values for different C96-C+, architectures have then been
measured. The layers exhibits a surface potential of A® = 1.00 £ 0.01 eV.
Consequently the work function value for the C96-C+- layer results

®(C96-C12 layer) = O(tip) - A® = (4.88 — 1.00) eV = 3.88 + 0.02 eV.
Similarly, the work function of the networks and of the elongated clusters was
®(C96-C1, network) = 3.53 +£ 0.05 eV, and
®(C96-C+z clusters) = 3.47 £ 0.06 eV.
The work functions of the three different types of C96-C,, architectures are

summarized in the graph in Figure 57.

Work function (eV)

5 Graphite
(reference) 4.65

[ ] C96 - uniform layer
C96 - Spider wet 588 +0.02
4 3.53+0.05
C96 - rod like - ——————
3.47 £0.06
3 \

Figure 57. KPFM results and images of different C96-Cq, architectures: (a)
layers formed by drop-casting a 10° M 1,2-dichlorobenzene solution at room
temperature, (b) network obtained by immersion of mica in a 10° M 1,2-
dichlorobenzene solution at 85 °C, and (c) elongated agglomerates produced by
spin-coating a 10™° M chloroform solution at 45 °C.
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While the work function of the network was 350 mV smaller than the work
function estimated for the self-assembled layers, that of the elongated clusters
was found to be even lower. Noteworthy, it has been more difficult to obtain clear
and reproducible KPFM imaging of clusters and of the fibers composing the
continuous network because of the small cross section of these structures. It is
reasonable to consider the layer work function value as a reliable result, since it
is most likely that the values obtained for the fibers and for clusters are
influenced by a systematic error. This is due to the long-range nature of
electrostatic forces, which limits the spatial resolution attainable with the utilized
tip. The measured potential is actually a weighted average over all the potentials
on the surface, the derivatives of the capacitances being the weighting factors."?
The resolution and accuracy are limited by the capacitances between the tip and
the respective surface regions, which means that the measured potential of an
area will be influenced by the value of the surrounding surface potential.
Therefore the determination of the work function of the network and of the
clusters might be underestimated, even if the single clusters are well resolved in
the image, as shown in Figure 54 where the lateral resolution is below 10 nm.

The measurement of the work function is a fundamental issue for the
fabrication of devices, because the possibility to inject holes or electrons from
metallic contacts into the organic layer will depend on the difference between
metal and organic work functions, and on the electronic structure of their
interface. The definition of work function itself is not straightforward. In its
classical definition, it is the energy needed to remove an electron from the Fermi
level in a metal to a point at infinite distance away outside the surface. This
definition describes an ”ideal” vacuum level energy for an electron at infinite
distance, and is not compatible with the well-known fact that the work function is
different for different faces of the same crystal. This is especially true for metal-
organic interfaces. A more suitable definition for the vacuum level is the energy of

"1 The work function we are

an electron at rest just outside the surface.
measuring, depends strongly on the surface considered and is not a bulk
parameter.’ The values obtained with KPFM are thus not an intrinsic

characteristic of C96-C, but are very likely to depend on the local molecular
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order on the surface, and can be compared with work function of other materials
only considering them an average value of the whole nanostructured surface. On
the other hand, the measurement of the effective work function of the material
deposited on a surface in nanostructured patterns, rather than the work function
of the same material in the bulk, is imporatant for organic electronics
applications.

The different morphological arrangements of C96-C1, on the surface have
significative differences in work function, a factor which is often mentioned in the
development of nanoelectronic devices, but rarely probed on such small scales.
The high resolution attainable with KPFM allows one to directly correlate, at
nanometer scale, the electrical characteristics of a material with its structure.
Even if the systems being considered are not regular at the molecular scale, the
different arrangements observed have a strong effect on the electrical behavior of
the whole system. The C96 material, deposited under different conditions on the
surface, can show a variation of work function as large as 0.4 eV. The
arrangement with the higher work function was found to be the layered one which
is the more uniform and flat, while it is relatively easier to remove electrons from
the networks. The network morphology has a higher mean curvature and surface
roughness, greater disorder and may also possess a larger number of defects,
e.g. missing discs, which could account for the lower work function measured.

In summary, the different arrangements of C96-C¢, molecules on mica
were studied, along with the effect of these arrangements on the work function. It
was possible to drive the self-assembly of C96-C1, molecules on electrically
insulating substrate toward three different surface morphologies (continuous
layer, network of fiber-like objects, or elongated clusters) by tuning a variety of
boundary conditions including the deposition method, the type of solvent and
substrate, the concentration of the solution, and the temperature of the surface
and of the solution. The formation of these three different assemblies is governed
by the interplay of intramolecular, intermolecular and interfacial interactions. A
key role is played by the mechanism of solvent evaporation at the surface. We
have also studied the self-assembly behavior of C96-C+, on mica in a confined

geometry, namely in a mica channel, having a width of a hundred of micrometers,

85



Superphenalene—-Based Columnar Liquid Crystals

between two hard walls of gold. The presence of the gold pattern generates a
gradient of solution at different distances from the Au-mica wall, leading to
different dewetting dynamics and thus different final morphologies on the tens of
micrometers scale. A second approach to interface the C96-C4, self-assembled
fibers to the Au electrodes has been pursued by first depositing C96-C+; fibers on
mica and then subliming in vacuum the gold on the top, making use of a grid.
This permitted us to obtain fibers that are just partially coated by gold. The rest of
the fibers are exposed to air. In this way the conductive tip of SFM could be used
as a counter-electrode to test the electrical properties of the nanowire
architectures on the nanoscale. It has been shown that KPFM is a powerful
method to simultaneously explore the morphological and electronic properties of
nanoscale architectures self-assembled at surfaces, with a resolution below 10
nm and 0.05 V. We have determined the work function of C96-C4, assemblies
adsorbed onto the insulating mica with a high precision, and found that the work
function can be lowered by depositing it in the form of interconnected networks or
small islands, rather than as a continuous layer. These findings are important to
improve the transport across a metallo-organic junction and more generally, to
optimize the choice of the different components for the fabrication of
supramolecularly engineered electronic devices. Finally, the results presented
here pave the way towards KPFM measurements of the same supramolecular
networks integrated in a working device, e.g. an organic transistor, with a spatial

resolution of a few nanometers.

2.6 Superphenalene derivatives with lower symmetry

Desymmetrization is one of the most important concepts in synthetic
chemistry. This concept covers not only the loss of symmetry through the
introduction of an asymmetric centre into a molecule, but also reduction of
symmetry due to constitutional, configurational and conformational modifications.

This loss of symmetry affects the chemical and material properties of the
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resulting compounds, as different parts of the molecule can now interact
differently with other molecules or with surfaces or interfaces. Consitutional
desymmetrizations are particularly important in the design and preparation of
functional materials. In order to reduce the melting point of discotic liquid crystals,
the concept of reducing symmetry is adopted by many research groups, with the
basic idea that if the molecular symmetry is reduced, then the molecules would
pack less favourably in the crystal state and, therefore, the melting point will
decrease. Asymmetrical substitution can have a large effect on the thermal
behavior, but, also, can modify physical and electronic properties. However, the
synthesis of desymmetrized materials, such as phthalocyanines!”™, porphyrins,
or triphenylenes!>"® is not straightforward and may present a major synthetic
challenge. Generally the most convenient synthetic methods for such materials
rely on the undirected assembly of smaller building blocks. Using a mixture of
starting components or using non-symmetrical components in such methods
leads to complex statistical mixtures of isomers, which are frequently difficult to
separate, and from which the desired isomers are often obtained in low yields. As
a result, the best methods for making desymmetrized materials depend upon
development of high-yielding synthetic steps to build the molecules up in a
directed stepwise manner. Recently, new HBC derivatives with reduced
symmetry were synthesized in our group, utilizing bromo or iodo substituted
building blocks.??33883 These desymmetrized HBCs show different physical
and chemical properties from their symmetrical analogs, for example their phase-
transition temperature to the isotropic phase is lowered compared with
symmetrical HBCs, as crystallization of the large aromatic cores within the
columnar stacks is suppressed.'® In another example of their different and
potentially advantageous physico-chemical properties, the w-carboxyalkyl
substituent on HBC acts as a hydrophilic anchor, such that highly-ordered
Langmuir-Blodgett films can be formed at an air-water interface.®>®® This
material also forms ionic complexes, via acid-base interaction with amino-
substituted poly-siloxanes, which have been shown by X-ray diffraction

experiments to possess a remarkable degree of long-range order.®"!

87



Superphenalene—-Based Columnar Liquid Crystals

The symmetry of a superphenalene can be reduced in different ways,
such as core asymmetric substitution, for example, putting two or four peripheral
chains in a superphenalene molecule, or side chains asymmetry by attaching
alkyl chains of different length in the periphery or by changing the mode of the
attachment of the peripheral chains, e.g., mixed alkyl-ester derivatives. Lateral
modifications of the chemical structure will in any case very strongly disturb the
three-fold rotational symmetry. We may therefore expect modified transition
temperatures, but also the possibility of new supramolecular structures. Here we
report our initial results on the facile synthesis of alkylated, desymmetrizated
superphenalene (Figure 59), and new building blocks, which can be converted

into a range of useful functionalities (Figure 58).

2.6.1 Synthesis

In order to prepare superphenalene derivatives (75, 76) with four and two
alkyl chains at the periphery of the core, new building blocks 71a and 72a had to
be synthesized (Figure 58).

54 || 100 °C
o-xylene

Figure 58. Synthesis of building blocks 71a-b and 72a-b.
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Diels-Alder reaction of commercially available 1,3,5-triethynylbenzene (54) with
one equivalent of tetraphenylcyclopentadienone (70), in o-xylene at 100 °C gave
mixture of polyphenylene compounds 71a and 72a, which could be easily
separated and purified by column chromatography. These compounds, carrying
terminal triple bonds, can serve as building blocks for the introduction of new
functionalities, such as bromine, iodine or ester groups, which do not hinder the
cyclodehydrogenation reaction, and can be converted to a number of other
different functionalities. The related building blocks 71b and 72b, also containing
alkyl chains, which is important for solubility of the target compounds, could be
prepared as well. A mixture of polyphenylene compounds 71b and 72b, obtained
in Diels-Alder reaction of 1,3,5-triethynylbenzene (54) with 1.3 equivalents of 3,4-
bis(4-dodecylphenyl)-2,5-diphenylcyclopentadienone (55a), in o-xylene at 100-
140 °C, could be also separated by column chromatography and were isolated in
30 (71b) and 50% (72b) yield. The subsequent synthesis of asymmetric

superphenalene derivatives 75 and 76 are depicted in Figure 59.

71a
CH,CI,
o
Q&0
o Q
H25C12 C12H2
792 55a FeCl,/CH,NO,
170 °C CH,Cl,
o-xylene
74 76

Figure 59. Synthesis of the asymmetrically alkyl substituted superphenalenes 75
and 76.
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The building blocks 71a and 72a, carrying terminal triple bonds, were used
in a subsequent Diels-Alder reaction with an excess of 3,4-bis(4-dodecylphenyl)-
2,5-diphenylcyclopentadienone (55a) (1.3 equiv per triple bond) in refluxing o-
xylene, to afford the corresponding two and four alkyl substituted polyphenylene
precursors 73 and 74, in 88 and 83% yield. Both were readily soluble in organic
solvents, and their purities were unequivocally confirmed by 'H and *C NMR
spectroscopy, FD mass spectrometry, and elemental analysis. The final step for

this reaction sequence, the oxidative cyclodehydrogenation??2

was carried out
by addition of a solution of iron(lll) chloride (90 equiv, i.e. 2.5 equiv per hydrogen
to be removed) in nitromethane to the solution of 73 or 74 in dichloromethane.
Throughout the duration of the reaction, a constant stream of argon was bubbled
through the mixture to remove HCI formed in situ. Precipitation with methanol
after 18 hours afforded the desired compounds 75 and 76 as deep red-brown

solids, which were identified by MALDI-TOF mass spectrometry?®” (Figure 60).
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Figure 60. MALDI-TOF mass spectra of 75 and 76.
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We were astonished to find that a superphenalene disc with only four dodecyl
alkyl chains (75) is soluble in common organic solvents after gentle heating or
ultra-sonification. For further purification, 75 could be filtered through a column of
silica gel with toluene. However, the poor solubility of 76 has so far precluded
preparative chromatography.

The characterization of 75 with solution NMR technique was not useful.
Even at elevated temperatures (up to 170 °C), it did not show any resolved
signals in the aromatic region. The UV/Vis absorption spectrum of 75 shows a
broad, asymmetric, featureless profile, with a low-energy tail extending to roughly
700 nm, as shown in Figure 61. Interestingly, the absorption maxima of 75 is
located at 480 nm, and red shifted 18 nm compared with superphenalene with six
alkyl chains (53a) (Amax = 462 nm). This shift may be caused by different
aggregate-formation of 75 in solution due to asymmetric alkyl substitutuion. The
UV/Vis measurements of 75 in toluene or THF show no concentration
dependence over the range 10* — 107 M. Likewise, a 10° M toluene solution,
exhibits no temperature dependence over the range 20 — 85 °C (where 85 °C

was the experimental maximum).

—— 53a
i 75 (C =10° M)
1 75 (C =10° M)

. 75(C =107 M)
] 462 nm 480 nm

Normalized Abs

300 400 500 600 700 800
Al nm

Figure 61. Normalized absorption spectra of 75 (C = 10° — 10" M) and 53a (blue
line, C = 6.3x10° M) in THF.
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2.6.2 Phase characterization

Differential scanning calorimetry (DSC), polarized optical microscopy
(POM), and wide-angle X-ray diffraction (WAXD) were used to characterize the
phase-forming properties of 75. DSC of 75 did not reveal any phase transition in
the interval from -150 °C to 250 °C. As in the case of other C96 derivatives, no
clearing point was observed by POM below 550 °C for 75, indicating a thermally
stable mesophase. Birefregent, shearable thin films between crossed-polarizers
were observed, but no sharp changes with temperature were seen. Temperature
dependent X-ray measurements were performed on an oriented sample.
Orientation was obtained by extrusion of the material through a 0.7 mm orifice.?
The measured 2D-WAXS patterns are the same from a temperature of 30 °C to
150 °C, and back to 30 °C. The diffractogram recorded at 30 °C is shown in

Figure 62 as a representative example.

s ™~

Vau. ] ~ k/dc =0.34 nm
J d|

=0.46 nm

s/nm' ——

Figure 62. 2D X-ray diffraction pattern of an extruded fiber of 75 and its
integrated intensity distribution, at room temperature.

Analysis of the results for 75 reveals a columnar structure with a tilted

arrangement of the discs, preserved over the whole temperature range. The
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molecules are tilted by an angle of @ = 42° relative to the columnar axis. The tilt
angle is calculated by the equation ¢ = arcos (d./di), where d; is the repeat
distance along the column, and for 75 the value of d; is 0.46 nm. The cofacial
distance d; is 0.34 nm, typical for the m-m-stacking distance. Hence, the
asymmetric substitution of a C96 disc has strong influence on the intracolumnar
arrangement of the discs, causing the tilting of the discs within the columns with
the respect to the columnar axis. On the equator there is only the first-order peak
recognizable, and no higher order reflections are visible. The reflexes in the
equatorial direction are not resolved, even at 150 °C. The same results were
obtained in ©-O-X-ray measurements. Therefore, the limited diffraction data do
not allow determination of the intercolumnar arrangement and the unit cell

parameter.

2.6.3 Charge carrier mobility

The intracolumnar charge carrier mobilities of 75, determined using the
pulse-radiolysis time-resolved microwave conductivity technique (PR-TRMC), are

shown as a function of temperature in Figure 63.

Sp, / em?V s
0,14 L4
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0 20 40 60 80 100
Temperature / °C —

Figure 63. The temperature dependence of the one-dimensional intracolumnar
charge carrier mobility of 75, measured by the PR-TRMC technique.
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The data for 75 in Figure 63 display only a gradual increase with
temperature with no abrupt change indicative of a phase transition. This behavior
is also found for C96-C4, (53a), C96-C; (53b), C96-C+s4 (53c) and has been
previously reported for the HBC-PhC12.**! The values found for 75 (0.10-0.12
cm?V's™) are slightly lower than values previously found for C96-C+ (53a) (0.16-
0.20 cm®V's™). This can be due to columnar structure of 75 with tilted
arrangement of the discs, which results in reduced orbital overlap of neighbouring
discs within a columnar stack. On the other hand, non-tilted stacking of C96-C1,

(53a) increases the area of orbital overlap, which leads to a higher mobility.84%!

To summarize, it has been shown that the superphenalene core can be
easily desymmetrized, and the facile synthesis of asymmetrically substituted C96
derivatives (75 and 76), with four and two alkyl chains, respectively, is presented.
Critical for the synthesis of such asymmetric discs was the preparation of the
mono- and di-yne building blocks 71a and 72a. Such building blocks (and their
alkyl substituted analogues 71b and 72b, which were also prepared), could serve
as useful starting points for the synthesis of other asymmetric C96 derivatives,
bearing such functionalities as bromine, iodine or ester groups which offer many
possibilities for further chemical modification. It was found that introduction of
only two dodecyl alkyl chains onto the periphery of C96 core is not enough to
provide any solubility, however, surprisingly, the C96 derivative with four dodecyl
chains (75) could be dissolved upon gentle heating. Interestingly, in the solution
UV/Vis spectra of 75, a red shift was observed relative to the hexa-substituted
C96-C+2 (53a). This shift may be caused by different aggregate-formation of 75 in
solution, as a result of the asymmetric alkyl substitution. It has been found that
the asymmetric alkyl substitution of the C96 disc has no effect on the thermal
properties of the resulting compounds, as the large core size appears to be the
dominant factor influencing the thermal behavior. However, the columnar packing
of 75 is influenced by the symmetry of substitution at the core periphery;
asymmetric substitution of C96 disc with four alkyl chains causes a tilting of the
discs within the columns with respect to the columnar axis which is not observed

in the case of the symmetrically substitued C96-Cq, (53a). Such a tilted
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arrangement of the discs can result in reduced orbital overlap between
neighbouring discs within a columnar stack, and may explain the slightly lower
charge carrier mobility values of 75 relative to those previously found for C96-C1,
(53a).

2.7 Study of the oxidative cyclodehydrogenation reaction

As was pointed out in Chapter 1, intramolecular oxidative
cyclodehydrogenation of oligophenylene precursors, which proceeds via a radical
cation transition state, gives access to extremely large PAHs. The oxidative
methods of the cyclodehydrogenation reaction are derived from the Scholl
conditions® and rely on Lewis-acids as reagents. A combination of
aluminium(lll) chloride and copper(ll) trifluoromethanesulfonate in carbon
disulfide has in many cases proven to be the best reagent for the planarization of
unsubstituted oligophenylenes. Anhydrous iron(lll) chloride is extremely efficient
for the synthesis of large alkyl substituted PAHs, even up to a C132 disc, but can
also be wused for the preparation of unsubstituted discs. These
cyclodehydrogenation conditions were adopted and modified from the work of
Kovacic, who discovered that benzene could be polymerized to poly-para-
phenylenes (PPP) by a Lewis acid and an oxidant./?*

The synthesis of hexa-peri-hexabenzocoronene (HBC, 8) is the most
investigated example of oxidative intramolecular cyclodehydrogenation.?%
Starting from hexaphenylbenzene, C42Hs3o (77), in the presence of copper(ll) salts
under Lewis-acid conditions in an inert solvent, a multiple, intramolecular
cyclodehydrogenation is performed with complete aromatization to the desired
product, according to the general process:

Ca2H30 + 12CuCly; — CyoH1s + 12CuCl + 12HCI
The aromatization of each newly formed carbon-carbon bond leads to the
elimination of two hydrogens, which are ejected as two HCI molecules. Every

new carbon-carbon bond formation is associated with a cyclization which
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increases the size of the PAH being formed. Recently, it was shown by Kibel
that by using a smaller excess of the oxidizing agent, an intermediate product,
phenyldibenzo[fg,ijjphenanthro[9,10,1,2,3-pqrsflpentaphene  (78) could be
isolated (Figure 64).°" Other intermediate products containing only two new
carbon-carbon bonds were observed in trace amounts. The observation and
isolation of intermediate products proves that oxidative cyclodehydrogenation
does not occur as a concerted planarization of all phenyl rings under carbon-

carbon bond formation in one step, but proceeds in separate reaction steps.

O O CuCIL/AIC,

O CuCl,/AICI,
> o _—
77 B 78 8

Figure 64. Oxidative cyclodehydrogenation of hexaphenylbenzene (77) yielding
HBC (8) after formation of an intermediate product 78.

In order to cast light onto the intramolecular oxidative
cyclodehydrogenation of the C96 precursor (CgsHes), this reaction has been
systematically studied. It should be pointed out that an additional source of
complexity in the case of larger oligophenylene precursors is the greater number
of sites for the formation of each new carbon-carbon bond. Thus, in the case of
the C96 precursor, the cyclodehydrogenation can progress from the "outside”
periphery towards the ”inside” of the dendrimer, or from ”inside” of the dendrimer
towards the periphery, or these two possibilities can occur in parallel and
simultaneously. Two different pathways of the cyclodehydrogenation of C96
precursor (79), and some of the many possible intermediates which can be

formed during this reaction, are depicted in Figure 65.
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C96H66

MW=1217.58 O MW=1217.58
CosHeq CogHeq
MW=1213.55 C] g C] MW=1213.55
CoeHeo C] C] CoeHeo
MW=1207.50 MW=1201.45
CogHsq CosHag
MW=1195.41 MW=1195.41
CosHas CosHsy

CQGHSO

Figure 65. Two different pathways of the cyclodehydrogenation of C96 precursor
CosHss (79) and some of many possible intermediates.
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The most crucial factors in the planarization reaction are the stoichiometry
of cyclodehydrogenation reagent employed and the reaction time. Hence, a
series of cyclodehydrogenation reactions of the C96 precursor with different
quantities of iron(lll) chloride and different reaction times was carried out. In order
to avoid complete planarization and attempt to isolate intermediates, a smaller
excess or deficiency of the oxidizing agent and shorter reaction times were used.
Iron(lll) chloride acts as both Lewis acid and oxidizing agent, and by
predissolving it in nitromethane, it can be added homogeneously to the solution
of the precursor in dichloromethane at room temperature. The concentration of
the dichloromethane solutions of C96 precursor used in our experiments was
always the same (100 mg of precursor in 100 mL of dichloromethane). To
remove hydrogen chloride formed during the reaction, a steady stream of argon
was bubbled through the reaction solution. After quenching the reaction by
addition of methanol, mass spectra of the resulting cyclodehydrogenation
products were measured and are depicted in Figure 66. The reaction conditions
including the number equivalents if iron(lIl) chloride per hydrogen to be removed
and reaction times are noted in the figure and the calculated masses of the
starting material (CgsHgs, MW=1219.6) and the fully closed disc (CgsHs3o,
MW=1183.3) are shown as lines. The sample preparation for MALDI-TOF was
done according to the solid-state method with TCNQ as matrix.[?6%"!

Starting with a small excess of 1.5 equivalents of iron(lll) chloride per
hydrogen to be removed and a reaction time of one hour (experiment 1), resulted
(according to the MALDI-TOF mass spectrum) in the formation of fully planarized
disc CgsH3o (peak at 1183 Da) and partially cyclized products (peaks at 1188 and
1198 Da). The first peak at 1183 Da is the most intense one, suggesting that the
cyclodehydrogenation reaction of the CgsHegs dendrimer was driven more towards
the completely dehydrogenated product. Although an exact quantification of the
distribution from mass spectrometry is not possible since the differently cyclized
products possess different desorption probabilities, some clear conclusions can

be made.
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Figure 66. MALDI-TOF mass spectra of the cyclodehydrogenation products of 79
with iron(lll) chloride. The vertical lines represent the calculated masses of the
molecules CosHes (79) and CosHzo (43).

Decreasing the amount of iron(lIl) chloride to only 0.75 equivalents (exp. 2) led to
the formation of partially cyclized products (the most intense peak at 1198 Da,
ten to twelve formed carbon-carbon bonds), but also to the complete cyclization
(peak at 1183 Da). The peak of unreacted, starting material, at 1219 Da, was
also observed. By using the same amount of iron(lll) chloride (1.5 equivalents per
hydrogen to be removed), but decreasing the reaction time from 60 to 5 minutes,
resulted in the formation of only partially cyclized products (the most intense
peaks at 1198 and 1196 Da), as shown in Figure 66, experiments 3-5. When
cyclodehydrogenation was carried out with only 0.5 equivalents of iron(lll)
chloride per hydrogen to be removed and a reaction time of five minutes (exp. 6),
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mainly starting material (CosHgs dendrimer) was observed, along with very small
amounts of completely and partially cyclized products.

The mixtures obtained in previously described cyclodehydrogenation
reactions (experiments 3-5) were subjected to preparative column
chromatography (done separately for every experiment). The insoluble,
completely cyclized material (CgsH3p disc, 43) did not move through the column,
while two soluble fractions, with masses of = 1196 and 1210 Da, could be
separated and recovered. The isotopically resolved MALDI-TOF mass spectra

and UV/Vis spectra of these fractions are shown in Figure 67.
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Figure 67. MALDI-TOF mass spectra and UV/Vis spectra (in THF) of two
isolated fractions (experiment 4).

However, analytical HPLC and mass spectrometry showed that the isolated
fractions are not pure, single compounds, but rather mixtures of three or four

inseparable intermediates which differ by probably only one or two carbon-carbon
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bonds. This makes it impossible to determine the molecular structure of isolated
intermediates. For example, many different intermediate structures can be drawn,
possessing the molecular mass of 1196 Da and different graphitic fragments. The
'H NMR measurements in 1,1,2,2-tetrachloroethane, of this fraction showed
overlapped multiple peaks between 7.0 and 8.0 ppm and several low field signals
between 8.0 and 10.0 ppm, suggesting the formation of larger aromatic
fragments. Since the UV/Vis spectra of isolated fractions differ from the UV/Vis

spectra of existing well-defined graphitic molecules,!""92:9%

it was not possible to
make any conclusions about the structure of intermediate compounds based on
UV/Vis measurements.

In conclusion, by using different reaction conditions (amount of iron(lll)
chloride and reaction time), partially cyclized products could be observed during
the oxidative cyclodehydrogenation of the C96 precursor. This suggests that
cyclodehydrogenation does not occur in one step, as a concerted planarization of
all phenyl rings under carbon-carbon bond formation, but likely proceeds in many
separate reaction steps. However, intermediates could not be isolated as single,
pure compounds, and their structures unambiguously identified. This lack of
definitive information on the intermediates precludes us from hypothesizing an
exact mechanism for this complex, stepwise, oxidative cyclodehydrogenation

reaction.
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CHAPTER
3

Control of the Homeotropic Order of Discotic
Columnar Systems

3.1 Introduction

In order to get high efficiency, the various device configurations require
specific modes of order between the electrodes, accomplished by different
processing techniques. In field-effect transistors, the main charge transport takes
place parallel to the insulating substrate and therefore requires an edge-on
arrangement of the discotic molecules. In general, edge-on arrangement is the
preferred alignment of columnar mesophases. Langmuir-BIodgett,“'3] zone-
casting technique,*® zone-crystallization®®”! or solution casting onto pre-oriented
PTFER' are suitable methods to obtain highly ordered surface layers with the
desired columnar orientation. On the other hand, optimized photovoltaic devices
require, in additon to an optimal acceptor-donor interaction,'" a face-on
arrangement and migration of charges foremost perpendicular to the substrate.
Different discotic systems reveal spontaneous face-on arrangement inducing
macroscopic homeotropic alignment with the columnar axis perpendicular to the
substrate. The surface affinity of the molecules can be modified by changing the
chemical nature of the aromatic core or of the side chains."*"® During solution
processing of alkylated HBC on molybdenum disulfide!™ or highly oriented
pyrolitic graphite," the interaction between the aromatic core with the surfaces
plays an important role during the alignment leading to monolayer formation with
molecules lying flat on the substrate. On the other hand, examples of
homeotropic alignment of triphenylenes!'®'! and phthalocyanines!'® bearing
heteroatoms in the side chains imply a strong influence of the substituents on the

arrangement of the molecules.
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Homeotropic alignment in micrometer thick films can only be achieved
thermally by cooling columnar materials from the melt. However, this approach
did not work initially with a number of derivatives of hexa-peri-
hexabenzocoronene (HBC). The major problem was that the isotropization
temperatures (T;) of the materials were often above 400 °C, which was much
higher than the on-set of decomposition (decomposition starts at 300 °C by
cleavage of alkyl chains).l'?% Recently, it was shown that the substitution of a
HBC core by 3,7,11,15-tetramethylhexadecanyl (HBC-C+s4) led to a effectively
lowering of T; to 231 °C.”" The lowered processing temperature allowed
homeotropic alignment of this material between two ITO surfaces and the
investigation of the relationship between photoconductivity and columnar order.
Short circuit photocurrents were 5 times higher at better-ordered regions
compared to those in poorly oriented parts. Unsymmetrical substitution of a
pyrene unit covalently tethered to an alkylated HBC core is another concept for

221 It has been shown that the introduction of bulky and space filling

decreasing T.
dove-tailed side chains with the branching site directly at the HBC aromatic core
leads to a drastic decrease of T.!”? Similar effects have also been reported
previously for other smaller discotic systems.?>24

The exact mechanism leading to homeotropic order is still unknown. The
example of HBC-C1s 4 shows that molecular affinity towards the surfaces is not a
prerequisite for face-on arrangement. On the other hand, the increase of
attraction towards specific surfaces has been reported for other discotic
systems.['®"® These results prompted us to combine the two advantageous
properties discussed above: substitution of the discs with branched alkyl chains
and insertion of a heteroatoms, such as oxygen, into these alkyl chains which
might have an influence on the mesomorphic properties of discotic liquid
crystalline HBC and C96. In the following pages of this chapter, synthesis,
characterization, as well as homeotropic self-assembly (results obtained in
cooperation with W. Pisula in the group of Prof. Mullen) of such alkyl-ether

derivatives are presented.
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3.2 Synthesis of hexa-alkylether substituted HBC and C96
discs

Two HBC derivatives, namely, hexa(3-(2-decyltetradecyloxy)propyl)-HBC
(86a) and hexa(3-(3,7-dimethyloctyloxy)propyl)-HBC (86b), substituted at the
periphery by six branched alkyl ether chains, were synthesized. These chains,
3-(2-decyltetradecyloxy)propene (82a) and 3-(3,7-dimethyloctyloxy)propene
(82b) were prepared by Williamson ether synthesis (Figure 68) between
commercially available allyl chloride (81) and the corresponding alcohol (80a-b)
in 79 and 78% yield, respectively. The synthesis was carried out in aqueous
sodium hydroxide solution at 45 °C and in the presence of the phase—transfer

catalyst tetrabutylammonium hydrogen sulphate (TBAH).2>%¢!

TBAH

ROH + o % - RONF
NaOH

80a-b 81 45°C 82a-b

Figure 68. Synthesis of 3-(2-decyltetradecyloxy)propene (82a) and 3-(3,7-
dimethyloctyloxy)propene (82b).

The following steps, leading to the hexa(3-(2-decyltetradecyloxy)propyl)-HBC
(86a) and hexa(3-(3,7-dimethyloctyloxy)propyl)-HBC (86b) are depicted in Figure
69.
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82a-b

A5

B
H 58
THF, RT, overnight

Br Q = Q Br @
_ - 63
R Q B Q R NaOH -~

(aq.), PdCl(dppf) R

84a-b THE. RT. 5h 83a-b

Co,(CO),
dioxane, reflux

R R
O O FeCl/CH,NO,
J X

R
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o
2

o
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Figure 69. Synthesis of hexa(3-(2-decyltetradecyloxy)propyl)-HBC (86a) and
hexa(3-(3,7-dimethyloctyloxy)propyl)-HBC (86b).

The disubstituted diphenylacetylenes 84a-b were easily synthesized in a one-pot

reaction from 4,4’-dibromodiphenylacetylene (63), prepared according to a
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(0351 of 82a-b with 9-
borabicyclo[3.3.1]Jnonane in THF (9-BBN, 58) at room temperature, overnight,

literature  procedure.®  First, hydroboration

gave the corresponding intermediate organoboranes 83a-b, which were then
directly used in the subsequent Suzuki coupling®®*" with 4,4-
dibromodiphenylacetylene (63), in the presence of catalytic PdCl,(dppf). Reaction
was complete after 5 hours at room temperature, and the corresponding
disubstituted diphenylacetylenes 84a-b were isolated in 65 and 60% yield,
respectively, following column chromatographic purification. Co,(CO)s mediated
cyclotrimerization*? of 84a-b yielded hexaphenylbenzene derivatives 85a-b in
80% yield, after workup. The final step for this reaction sequence was the
oxidative planarization of the six pendant phenyl rings in 85a-b with concurrent

loss of twelve hydrogens. The cyclodehydrogenation*®!

was carried out by adding
a solution of iron(lll) chloride in nitromethane to the hexaphenylbenzene
precursors 85a-b in  dichloromethane to afford the hexa(3-(2-
decyltetradecyloxy)propyl)-HBC (86a) and hexa(3-(3,7-dimethyloctyloxy)propyl)-
HBC (86b), where the oxygen atoms are located at the & position of the alkyl
chain. While the cyclodehydrogenation of 85b to 86b was achieved under
standard conditions for alkylated HBCs (36 equiv of iron(lll) chloride, and 45 min
reaction time), cyclodehydrogenation of 85a to the desired HBC 86a required a
larger excess of oxidant (60-70 equiv) and longer reaction time (2-3 hours).
Isolated yields after workup were in the order of 80%. The resulting HBC
derivatives are yellow in the bulk state, show very good solubility in common
organic solvents, and have been characterized by 'H and "*C NMR, and MALDI-
TOF mass spectrometry. The "H NMR spectra of 86a-b in solution, at 25 and 100
°C, are shown in Figure 70. As can be seen in Figure 70, on heating from 25 °C
to 100 °C, the relevant aromatic signals experience a downfield shift of Ad = 0.29
(from & = 8.67 to & = 8.96) for 86a and Ad = 0.23 (from & = 8.41 to 6 = 8.64) for
86b. A somewhat less pronounced shift to low fields can be observed for the
protons of the alkyl side chains. It is clear that an increase in the temperature
leads to smaller aggregates in solution, a phenomenon widely observed in the

HBC and other disc-like systems.[*5
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(ppm)

Figure 70. '"H NMR spectra of hexa(3-(2-decyltetradecyloxy)propyl)-HBC (86a)

and hexa(3-(3,7-dimethyloctyloxy)propyl)-HBC (86b) in tetrachloroethane-d, (<) at
25 and 100 °C.
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pe
H 58
82a-b -

B
THF, RT, overnight R 83a-b
o O
NaOH(aq.), PdCl,(dppf)
THF, RT, 5h BGOBr
Y
i
sS¥y oo
62
O TBAOH, t-BuOH, 80 °C Q Q
R R R R
88a-b 87a-b

CH,Cl,

partially cyclized products
or
ether cleavage

a) R_A/\O/\Q/\_\_/\\:\/\ b) R= /\/\o/\/l\/\)\

Figure 71. Synthetic pathway to alkyl ether substituted C96 precursors 89a-b
and attempted cyclodehydrogenation.
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The synthesis of alkyl ether substituted C96 precursors (89a-b) is outlined
in Figure 71. First, hydroboration®®3 of 3-(2-decyltetradecyloxy)propene (82a)
and 3-(3,7-dimethyloctyloxy)propene (82b) with 9-borabicyclo[3.3.1]nonane (58)
in THF at room temperature, overnight, gave the corresponding intermediate
organoboranes 83a-b, which were then directly used in the subsequent Suzuki
coupling®®*" with 4,4 -dibrombenzil (60), in the presence of catalytic PdCl,(dppf).
Reactions were complete after 5 hours at room temperature, and 4,4"-bis[3-(2-
decyltetradecyloxy)propyllbenzil (87a) and 4,4’-bis[3-(3,7-dimethyloctyloxy)
propyllbenzil (87b) were isolated in 75 and 60% yield, respectively, after workup.
They were reacted in the next step, in a double Knoevenagel condensation with
commercially available 1,3-diphenyl-2-propanone (62) to afford 3,4-bis{4-[3-(2-
decyltetradecyloxy)propyllphenyl}-2,5-diphenylcyclopentadienone  (88a) and
3,4-bis{4-[3-(3,7-dimethyloctyloxy)propyl]phenyl}-2,5-diphenylcyclopentadienone
(88b), as dark purple, viscous oils in 64 and 71% yield, respectively, after
purification by column chromatography.®" Diels-Alder reaction of commercially
available 1,3,5-triethynylbenzene (54) with excess (3.6 equiv) of 88a-b, in o-
xylene at 170 °C, gave the corresponding alkyl ether substituted C96 precursors
89a-b. The workup of these first generation dendrimers was by evaporation of
the solvent, followed by column chromatography to afford colorless, highly
viscous oils (89a-b), in 95 and 78% yield, respectively.

The key step on the path to C96-derivatives 90a-b is the oxidative
cyclodehydrogenation of the oligophenylene precursors 89a-b. In a typical
cyclization experiment the precursor 89a, or 89b was dissolved in
dichloromethane, and a solution of iron(lll) chloride (90-108 equiv) in
nithromethane was added dropwise at room temperature. After 18 hours, the
mixture was precipitated in methanol. However, in the case of 89a and 89b, this
standard synthetic protocol did not give just the desired compounds 90a-b, but
also mixture of number of partially cyclized products. Unfortunately, the desired
C96-derivatives could not be separated and isolated as pure compounds.
Therefore, the reaction conditions were modified. Slightly increasing the amount
of oxidant (108-180 equiv) and prolongation of reaction time led to the desired

product but still the presence of partially cyclized products, and in some cases
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ether cleavage were observed. On the other hand, use of enormous amounts of
iron(lll) chloride (such as 250 equiv) or a very long reaction time led to complete
ether cleavage. Unfortunately, the alkyl ether C96-derivatives could not be

prepared as clean compounds.

3.3 Phase characterization of hexa-alkylether substituted
HBCs

3.3.1 Thermal phase characterization

In order to detect phase transitions and to determine the corresponding
transition temperatures and enthalpies, differential scanning calorimetry (DSC)

was performed on HBC derivatives 86a-b (Figure 72).

AH Second heating AH
exo exo Second heating

First heating
ﬂ\ First heating

T T T T T T T T T T
-120 -80 -40 0 40 80 120 -100 0 100 200
Temperature / °C — Temperature / °C —

Figure 72. Differential scanning calorimetry traces of (a) 86a and (b) 86b (10
K/min).

It was found that the phase behavior of the investigated HBC compounds
differs significantly, indicating a strong dependence of the thermal behavior on
the length of the side chains. Both compounds investigated were assigned to a
plastic crystalline phase in their low temperature phase. At room temperature
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these materials possess a waxy and soft consistency. The significant lowering of
the isotropization temperature was observed for compound 86a, which is
substituted by the very long side chains (Figure 72a). During the first heating
cycle the isotropic phase transition of this material was found at 42 °C. The
second heating showed this isotropization temperature lower at 22 °C.
Additionally, prior to this transition, a new exothermic peak at -15 °C appeared
representing a solid-solid transition which was confirmed by rheology

measurements (Figure 73).

~ [ ]
10" ; I ; I ; I . r . U]
-40 20 0 20 40 60

Temperature / °C ——

Figure 73. Storage (circle symbols) and loss (square symbols) moduli of 86a
recorded as a function of temperature during cooling. Arrow indicates the solid-
solid transition.

The dynamic mechanical experiments revealed a change in shear storage
modulus from more than 10% Pa to 10" Pa. The material entered the isotropic
state at 18 °C and became liquid with a viscosity of approximately n = 7 Pa s. By
shortening the alkyl chains, the T; of 86b increased to ~370 °C, and the material
showed a broad disordered columnar phase from 0 °C. The results are

summarized in Table 3.
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Compound Temperature [°C] Enthalpy [kJmol ] Phase transition
86a -15 (-21) 22.0 (19.4) Coly — Col,
42", 22 (14) 57.8 (65.3) Colp, — |
86b 0 (-38) 17.6 (18.2) Col, — Colng
~370 (~340) - Colpg — |

Table 3. Thermal behavior determined by DSC of the HBC derivatives 86a-b.
The recrystallization temperatures and the enthalpies during cooling are given in
brackets. List of abbreviations: () — first heating, Coly — unassigned columnar
phase, Col, — plastic crystalline phase, Col,q — disordered columnar phase, | —
isotropic phase.

In order to obtain further information about the relationship between the
molecular structure and supramolecular order, optical textures were investigated
by means of polarized optical microscopy (POM). Thereby, the crystallization
from the isotropic state was studied only for 86a, because the isotropization
temperature of 86b was too high. Therefore first, the samples were placed on
one glass slide and heated to the isotropic state. 86a revealed a characteristic
fan-shaped optical textures as presented in Figure 74.

Figure 74. Characteristic optical texture of 86a crystallized as a thin film on one
surface at a cooling rate of 1 °C/min.
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3.3.2 Structure investigation by X-ray scattering

The supramolecular organization of columnar systems is particularly
important for one-dimensional charge carrier mobility. Therefore, the intra- and
intercolumnar arrangement was investigated by both powder X-ray diffraction of
bulk materials and 2D-WAXS experiments of extruded filaments.®? The
pronounced macroscopic alignment of columns within the filaments was indicated
by the intense and sharp equatorial reflections corresponding to the
intercolumnar arrangement, strongly correlated to the thermal phase of the

compounds.

Figure 75 exhibits typical intensity distributions for both the disordered
isotropic state and for the highly ordered crystalline phase of 86a. The unit cell
derived from the reflection positions was assigned to a two-dimensional lateral
orthorhombic lattice with packing parameters a = 3.52 nm and b = 3.17 nm. This

arrangement was recovered after cooling the sample from the isotropic state.

quasi isotropic (a)

Intensity / a.u.

) S GO -
] @O0

b=3.17nm

Intensity / a.u.

Figure 75. Intensity distribution of a powder X-ray diffraction for 86a in (a)
isotropic phase, (b) plastic crystalline phase, and (c) characteristic 2D-WAXS
pattern for an extruded filament of 86a.
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From 2D-WAXS results (Figure 75c) it was possible to determine the
intracolumnar arrangement of the discotic molecules. The meridional reflections
related to a n-n stacking correlation distance of 0.47 nm are characteristic of an
intracolumnar period with molecules tilted towards the columnar axis.
Furthermore, a second off-meridional peak which was weakly split was
determined as corresponding to 0.44 nm. It indicated a slight tilting of the disc to
the columnar axis with a small angle, atypical for discotic molecules and
suggests a strong influence of the long side chains on the intracolumnar packing.
The solid-solid phase transition at -15 °C was not accompanied by any structural
change; both solid-state phases confirmed a tilted arrangement of the discs to
the columnar axes and an identical intercolumnar arrangement. For the sample
heated to the isotropic state, a small angle reflection appeared corresponding to
a distance of 2.99 nm, as derived from the maximum peak in the X-ray diffraction
in Figure 75a. A reflection of this kind can be attributed to position correlation of
molecular aggregates possessing electron density contrast between the aromatic
core stacks and the aliphatic substituents. Assuming only nearest neighbor
123 591

S

max

relation, the correlation distance should be taken as d= This value

allows one to estimate the number of stacking molecules consisting in the

aggregate as a spherical unit of volume %d3 which is related to the molecular

mass M by the following equation:

EdS _ M:-n
6 p-N,

(4)

where n is the number of molecules, p is the density assumed here 1 g/cm? for
both nanophases (the aromatic core and the alkyl shell) and Na is Avogadro’s
number. For this relationship, the most probable stacking number of nearly 5
molecules was calculated suggesting that the molecules in the isotropic state are
not isolated, but form aggregates consisting of several discs.

In contrast to 86a, compound 86b revealed a strong structural
dependence on thermal treatment. Both powder diffraction pattern (Figure 76a

and c) of 86b as obtained from solution and thermally treated suggested an
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orthorhombic two-dimensional unit cell, but significantly different in the packing
parameters. After cooling back to the plastic crystalline phase, unit cell
parameters a and b decreased approximately 1 nm implying a significantly
enhanced intercolumnar packing triggered by the reorganization of molecules
during exposure to the higher temperature phase. In that Colyg state the
intercolumnar arrangement changed in comparison to the low temperature phase
and was assigned to a hexagonal disordered columnar state with the unit cell a =
2.78 nm, as implied by the large number of higher order reflexes with a reflection
distribution corresponding to a relationship 1 V34 T (Figure 76b). These
reflections were also in this state intensive and sharp, in contrast to the
meridional peaks which became more diffuse and unclear with an added distinct
amorphous halo. In addition, the off-meridian reflections are also apparent in this

state verifying the tilted arrangement of the discs within the columns.

104_; (@] orthorhombic ( ¥ )
a i 3.50 nm a ‘
103_5 b=3.12nm ( )

Intensity / a.u.

hexagonal

a=2.78nnm a( 2 )
&éo

orthorhombic ( b )

a=2.40 nm r
b=2.08 nm a
( )

Intensity / a.u.

Intensity / a.u.
aw
1

Figure 76. Powder diffraction of 86b as obtained from solution (a), in the Colng
phase (b) and cooled back to the plastic crystalline phase (c).
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The 2D-WAXS pattern in Figure 77 shows that the meridional reflections were
broad and fuzzy indicating that the correlation of the tilting discs was relatively
weak. During cooling, the degree of intracolumnar order improved, typical for a
more ordered phase plastic crystalline phase, leading to an increase in intensity
of the off-meridian reflections which corresponded to molecular tilting towards the

columnar axes.

= =
e o

Figure 77. Characteristic 2D-WAXS pattern of 86b as extruded filament (a) in the
plastic crystalline phase and (b) in the Coly phase.

3.3.3 Homeotropic arrangement

Small discotic systems like triphenylenes and phthalocyanines bearing
alkoxy groups at their core periphery, spontaneously form homeotropic order
when crystallized from the isotropic state,!'®'® whereas on the other hand, the

successful alignment of HBC-Cyg 4"

proved that these specific peripheral units
are not essential for this orientation procedure. Therefore, the control of
homeotropic supramolecular order by the introduction of heteroatoms into the

side chains was investigated.

120



Control of the Homeotropic Order of Discotic Columnar Systems

When slowly crystallized from their isotropic state between two polar
surfaces as a thin film, both compounds 86a-b revealed identical self-assembly
behavior. The images from the optical microscope are presented in Figures 78
and 79.

Figure 78. Optical microscopy images of 86a during crystallization between two
glass slides (a) without and (b) with cross-polarizers. Red arrow indicates defects
in homeotropic order.

In each case, first a dendritic texture appeared close to the corresponding
recrystallization temperature. When cross-polarizers were applied the image
became black. This observation is characteristic of the homeotropic phase where
the columnar axis is perpendicular to the substrate. Since the light propagation
coincides with the optical axis, the transmitted light intensity is always zero for all
positions of the sample with respect to the analyzer/polarizer axis. Only some
parts of the film show birefringence due to homeotropic packing defects as
indicated by a red arrow in Figure 78.

Both compounds 86a and 86b revealed a similar 2D hexagonal WAXS
pattern when crystallized between the two aluminum foils. The first order
reflection for 86a arose at 3.55 nm, but of poorer pattern quality resulting in a less
distinct packing correlation. The characteristic room temperature 2D-WAXS
pattern of 86b in Figure 79c exhibited a hexagonal intercolumnar distance of 2.78

nm being in good agreement with the unit cell parameters determined for the bulk
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mesophase of this compound and verifying the stability of this ordering at room

temperature.

(c) (d)

Figure 79. Optical microscopy images of 86b homeotropically aligned during
controlled crystallization between two glass slides (a) without and (b) with cross-
polarizers; (c) 2D-WAXS pattern of 86b at room temperature crystallized
between two thin aluminum foils, the most essential intermediate 26 range of 2°-
10° is presented; (d) schematic presentation of the homeotropic alignment
between two surfaces during the X-ray experiment, the discs represent the
molecules and the red arrow assign the X-ray beam direction.

This is in contrast to observations monitored by POM for 86b crystallized
between two glass slides at room temperature. After reaching the homeotropic
phase, further crystallization caused the dendritic structures to touch each other
and more birefringent defects appeared (Figure 80). First, these defects emerged
at the dendritic frontlines and upon further decreasing the temperature also
appeared within these structures. Finally, at approximately 50 °C the whole
optical texture changed with a significant increase in birefringence indicating a

transition in the supramolecular organization from a loss of the homeotropic order
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to an edge-on arrangement. This phenomenon is in contrast to the 2D-WAXS
results which displayed a markedly homeotropic alignment for compound 86b at

room temperature.

Figure 80. Optical microscopy images of 86b crystallized at 1 °C/min from the
isotropic state; Images (a) — (c) taken with an angle analyzer/polarizer axis of
45°, (a) at 350 °C, (b) at 290 °C and (c) 100 °C (dashed lines indicate the same
part); (d) cross-polarized image of a randomly chosen position of the sample
after keeping it for 24 hours at room temperature.

Since both surfaces, glass and aluminium have similar surface polarities, another
factor was assumed to have a significant influence on the supramolecular order.
In general, each phase transition involves a considerable structural change,
which in turn is associated with a density alternation and an alternation in
macroscopic dimensions of the sample. A thermal phase transition induces
changes in supramolecular order towards a more thermodynamically favourable
organization for given molecules. If aluminium foils can be considered as flexible
surfaces (while glass slides as fixed surfaces, limiting the volume), then one can
assume that during the crystallization they can compensate for the density and
macroscopic changes maintaining the homeotropic orientation. Therefore, the
stability of this characteristic alignment can be regarded as a mechanical problem

in some systems.
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Summarizing the results obtained in this chapter, one conludes that by
varying the molecular design of HBC derivatives it was possible to significantly
influence the desired properties of the material, making it promising for potential
application in photovoltaic devices. In order to obtain a highly processible
compound the isotropization temperature had to be lowered significantly.
Therefore, the aggregation of the molecules had to be reduced by overcoming
the =-rt interaction of the aromatic cores. The introduction of bulky and space
filling side chains induces strong steric interactions at the core periphery and
dominates the stacking ability of the discs. Although the branching site is not
directly at the aromatic core, the substitution of very long alkyl chains induces a
drastic lowering of the isotropization temperature. In particular, for compound 86a
the T; decreased to room temperature leading to a complete suppression of the
liquid crystalline phase. The introduction of strong steric interaction by using long
side chains thus influences the stacking behavior of the molecules generating
intracolumnar disorder. X-ray scattering experiments showed that especially in
the liquid crystalline phase, the exceptionally long side chains occupy a large
volume due to their high mobility in the periphery and disturb the strong
interaction between the aromatic cores. The molecules then possess high lateral
rotation and longitudinal mobility maintaining the tilted arrangement towards the
columnar axis instead of changing their packing to a characteristic orthogonal
arrangement.®? The disturbed =-n interaction and increased intracolumnar
disorder could have a dramatic influence on the charge carrier mobility along the
columns. This suggestion has to be proven by additional experiments such as
time-of-flight measurements.

Indeed, the introduction of ether groups in the side chains essentially
improves the affinity of the HBC derivatives investigated toward face-on
arrangement at the corresponding surface and facilitated a control of the
homeotropic alignment. The presence of these polar ether units in the HBC core
periphery has a fundamental influence on the self-organization behavior of the
molecules on polar surfaces. During controlled crystallization between two glass
or aluminum surfaces, the materials formed a homeotropic phase which

appeared at cooling rates of even 20 °C/min proving the high attraction of the
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polar groups to this kind of surfaces. It was quite surprising that the desired
alignment of the sample was obtained by such simple thermal treatment, since
the heteroatoms at the 6 position of the side chains are not positioned directly at
the aromatic core. Due to a strong affinity for studied HBC compounds to the
applied surfaces, the side chain architecture seems to be most important for the
processibility of the material, rather than for the alignment mechanism. An
additional factor is an appropriate viscosity of the isotropic phase, which was
proven by rheology measurements. During the processing procedure, the
interaction of the first molecules with the surface plays a crucial role. Upon further
decreasing the temperature, the crystallization progresses and other molecules
stack upon the pre-arranged discs at the surface creating in this way the desired
macroscopic order.

Further research activities in our group have resulted in new HBC
derivatives whose thermal properties can be effectively controlled by dove-tailed
alkyl ether chains (prepared by B. EI Hamaoui), and investigations concerning

their phase behavior and surface interaction are currently underway (W. Pisula).
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CHAPTER
4

Synthesis and Properties of Dendronized
Superphenalenes

4 .1 Introduction

- Stacking interactions between aromatic units are important non-

covalent intermolecular forces that contribute to self-assembly and molecular
recognition in a variety of supramolecular systems including nucleic acids,!"

discotic liquid crystals, molecular crystals,®” and various protein and enzyme-
substrate complexes.®®! The nature of the m-m interactions has been thoroughly

studied theoretically® ' and experimentally”>'® for many years, and one
important goal is that scientists may one day employ molecular stacking
interactions to build controlled nanoscale structures.

The spontaneous formation of molecular assemblies extending over
several tens of nanometers is a characteristic feature of liquid crystals. Of
paticular interest are discotic liquid crystals displayed by flat disc-shaped
molecules, which organize spontaneously into one-dimensional stacks within the
mesophase, and where the stacks form a two-dimensional lattice.*®?" Such
materials have been considered for use as organic hole or electron conducting
pathways in organic light-emitting diodes, field-effect transistors or in photovoltaic
devices.?*?* High one-dimensional charge carrier mobilities have been observed

in discotic liquid-crystalline materials based on phthalocyanines,?"

28 Their 7w-m

triphenylenes® and hexa-peri-hexabenzocoronenes (HBCs).
interactions in solution play an important role in promoting self-assembly in solid
films, which is relevant to their electronic or optoelectronic properties. The self-
assembly behavior of disc-like molecules, such as porphyrins and

phthalocyanines has been studied by concentration and temperature dependent
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UV/Vis spectroscopy, "H NMR spectroscopy and vapor pressure osmometry
(VPO).[27'30]

Unsubstituted, large polycyclic aromatic hydrocarbons (PAHs), such as a
hexa-peri-hnexabenzocoronene or superphenalene are characterized by strong
intermolecular cohesion due to the strong m-m interactions between aromatic
units, which results in extremely high thermally stable, non-melting, insoluble
solids.*"4 Attachment of flexible substituents onto the periphery improves the
solubility and lowers the melting point. Melting leads to remarkably stable discotic
mesophases with columnar superstructures.*® Hence, alkyl or alkylphenyl
substituted HBCs exhibit columnar mesophases with large phase widths, a high
order parameter and high charge carrier mobilities.?®**! These properties qualify
HBCs as particularly promising candidates for applications in organic electronic
and optoelectronic devices.*®**! The self-assembly behavior of HBC-based
materials in the bulk and on surfaces has been intensively studied by various
techniques such as X-ray diffraction, solid-state NMR spectroscopy and scanning
probe microscopy.P**" Very recently, the solution self-assembly behavior of
HBC derivatives was studied.*? The high tendency of hexadodecyl-substituted
HBC to aggregate was determined by concentration and temperature-dependent
'"H NMR spectroscopic measurements and nonlinear least-squares analysis of
the experimental data. It was found that rigid dendrons, introduced around the
HBC core, suppress the m- interactions of the cores to a certain extent, and a
slow (with respect to the NMR time scale) monomer-dimer equilibrium was
observed. This equilibrium was further controlled by temperature, concentration,
and solvent to afford discrete monomeric or dimeric species. "Moving” the
dendron arms closer to the HBC core gave a molecule which exists only as a
nonaggregated monomer. This concept of employing dendritic substituents to
effect steric isolation of a functional core (e.g., porphyrin, phthalocyanine,
fullerene, etc.) is being actively studied by a number of groups.[***"

Alkyl substituted superphenalene (C96) derivatives show very strong
tendency to aggregate in solution as described in Chapter 2. Therefore, the steric
isolation of the superphenalene core represents an interesting challenge and

could lead to materials which are useful as a models for studying substituent
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effects on the m-m interactions. Herein, shape-persistent, polyphenylene

dendrons,®"%%

of various size, have been peripherally attached to the
superphenalene core in an attempt to modify the self assembly of these discotic

molecules. Molecular structures and three-dimensional models of such

dendronized superphenalenes (compounds 91 and 92) are shown in Figure 81.

‘:‘s
O Lol o
o9& a%oMo o
a9 AL O A8
598 oo o
T 0lo SC oL X
D% oo & o5l
o i acocscssadonas
0 S
o SN &
0 LoD
SO LS
Yo &% o
e 5o lo
S50 & o
5 5 Halo
95090
0 OB0 S
ooV E"
e
&

Figure 81. Molecular structures and three-dimensional models® of the
dendronized superphenalenes 91 and 92.
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The bulky substituents are expected to dramatically diminish or even
completely eliminate the m-m stacking of the superphenalene cores. Less
aggregated or nonaggregated superphenalenes are desirable to further
understand structure-property relationships. In the following pages of this
chapter, synthesis, characterization as well as aggregation behavior of

dendronized superphenalene derivatives are described.

4.2 Synthesis and structural characterization

4.2.1 Synthesis of hexa(4-iodophenyl)-C96

A new synthetic concept for the synthesis of new HBC derivatives, based
on novel functionalizable mesogenic building blocks, has been recently
developed by J. Wu in our group.’ Thus, hexa(4-iodophenyl)-peri-
hexabenzocoronene, prepared by rational multistep synthesis, acts as an HBC
building block with versatile reactive sites, which can be converted into a range of
useful functionalities.**°>®! |nspired by this new concept, we have synthesized
analogous hexa(4-iodophenyl)-C96, which could then be further functionalized
and used for the synthesis of dendronized superphenalenes 91 and 92. The
synthesis of the key building block, hexa(4-iodophenyl)-C96 (97), is outlined in
Figure 82. 3,4-Bis[4"-(4 " -trimethylsilylphenyl)phenyl]-2,5-diphenylcyclopenta
dienone (94) was prepared by Suzuki coupling®’! between 3,4-bis(4-
bromophenyl)-2,5-diphenylcyclopentadienone (67) and an excess of
commercially available 4-(trimethylsilyl)phenylboronic acid (93) in 93% yield, after
workup. The Diels-Alder reaction of commercially available 1,3,5-
triethynylbenzene (54) with excess (3.6 equiv) of 94 in o-xylene at 170 °C gave
1,3,5-tris{3",4"-di[4""-(4"""-trimethylsilylphenyl)phenyl]-2",5 -diphenylphenyl}
benzene (95) in 87% vyield. Compound 95 was then treated with iodine
monochloride in chloroform to afford the target precursor 1,3,5-tris{3",4"-di[4""-
(4" ""-iodophenyl)phenyl]-2°,5 -diphenylphenyl}benzene (96) in 92% yield. All
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these soluble compounds were fully characterized by NMR and mass

spectrometry techniques.

93
OLD v O

O O [Pd(PPh,),], K,CO, (aq)
toluene, 95 °C
Br Br

67 93%

ICI, chloroform

Figure 82. Synthesis of hexa(4-iodophenyl)-C96 (97).

The subsequent cyclodehydrogenation was again the most crucial step of
the whole synthesis. The previously successfully employed system of iron(lll)
chloride/nitromethane in dichloromethane was applied again. It was found that
three equivalents of iron(lll) chloride per hydrogen to be removed and 18 hours
reaction resulted in the formation of the desired product. Compound 97 was
identified by MALDI-TOF mass spectrometry (solid-state analyte-in-matrix
preparation)®®*®! which reveals a single species with isotopic distribution in
accord with that calculated for compound 97 (Figure 83). Upon quenching of the

reaction solution by addition of methanol, 97 precipitated as dark-brown solid
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which was collected by filtration and was washed thoroughly with methanol until
the solvent showed no more trace of yellow color from the iron salts. The poor

solubility of 97 has so far precluded preparative chromatography.
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Figure 83. MALDI-TOF mass spectrum of hexa(4-iodophenyl)-C96 (97); inset
shows isotopic distribution.

4.2.2 Functionalization of hexa(4-iodophenyl)-C96 by Hagihara-
Sonogashira coupling reaction towards dendronized
superphenalenes

Suprisingly, despite the virtual insolubility of hexa(4-iodophenyl)-C96 (97),
palladium-catalyzed Hagihara-Sonogashira coupling reaction®® with terminal
acetylene groups works smoothly, thus providing a versatile method of
functionalization. Hexa(4-iodophenyl)-C96 (97) was converted by a six-fold
Hagihara-Sonogashira coupling with phenylacetylene (98) into the insoluble
hexa[4-(ethynylphenyl)phenyl]-C96 (99) in quantitative yield (Figure 84). A solid-
state MALDI-TOF mass spectrum of compound 99 indicates quantitative
conversion, even though both the starting material and product are insoluble,

proving the high reactivity of the building block 97.
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Figure 84. Synthesis of dendronized superphenalene 91.

The subsequent Diels-Alder reaction between 99 and a large excess (24 equiv)

of commercially available tetraphenylcyclopentadienone (70) proceeded in
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diphenylether at 250 °C. The reaction was monitored by MALDI-TOF mass
spectrometry, and after three days came to completion. After cooling, methanol
was added to the reaction mixture, and the precipitate was collected by filtration
and washed with methanol. The desired product, dendronized superphenalene
91 readily dissolves in common organic solvents at room temperature, and was
isolated in 84% yield after purification by column chromatography. The MALDI-

TOF mass spectrum of 91 is shown in Figure 85.
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Figure 85. MALDI-TOF mass spectrum of dendronized superphenalene 91.

The build-up of dendronized superphenalene 92, with larger dendrons
(second generation) around the core, required preparation of
tetraphenylcyclopentadienone (102) with corresponding dendrons. This
compound was synthesized according to the procedure described in the PhD
thesis of U. M. Wiesler (Figure 86).'%% The starting material, 4,4'-
diethynylbenzil (100), was prepared via a Hagihara-Sonogashira coupling®®” of
triisopropylsilylacetylene and 4,4’-dibromobenzil, followed by deprotection with
KF in DMF. After a Diels-Alder cycloaddition with an excess of
tetraphenylcyclopentadienone (70) in refluxing o-xylene, the benzyl 101 was
obtained as a pale yellow amorphous powder. The Knoevenagel condensation of

compound 101 with 1,3-diphenylacetone (62) in the presence of
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tetrabutylammonium hydroxide leads to the corresponding cyclopentadienone
102 in 85% vyield.
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Figure 86. Synthesis of a dendronized cyclopentadienone 102, according to U.
M. Wiesler.[®"62]

The following final step, a Diels-Alder reaction between 99 and large excess (18
equiv) of 102 required a higher temperature and longer reaction time, due to
apparent steric hindrance and much greater crowding of the phenyl rings (Figure
g7).163681
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Figure 87. Synthesis of dendronized superphenalene 92.
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Thus, reaction had to proceed in diphenylether at temperature of 280 °C using a
thermostatically-controlled heating mantle. The reaction was monitored by
MALDI-TOF mass spectrometry, and was at completion after five days. After
cooling, methanol was added to the reaction mixture, and the precipitate was
collected by filtration and washed with methanol. The desired product,
dendronized superphenalene 92 readily dissolves in common organic solvents at
room temperature, and was isolated in 68% vyield after purification by column
chromatography. The MALDI-TOF mass spectrum of 92 is shown in Figure 88.

®
1400 - Q O ‘ ®
N» OXO LD
, O LD O X .
DS QL0 .0
1200 4 8946.2 QXTI X QLD
OO L0 .03
95448 E¢ 07 LT 0
s Yo, o b oSeXo
1000 ~ ShEdRAC040C SRR S
Q g OO 0
. O OO0 Q
O X O O )
800 bSO O]
, QX0 OO0 O,
I/a.u. o L QO OO
m GEe & oo
600 ) Qa ‘ a7 0 A C O
8946.2 QL XO (LSO
OO0
400 | X010
© 9 p¢ @
" Q
200 92
C708H438
5000 10000 15000 20000 Calculted average mass: 8945.2

m/z

Figure 88. MALDI-TOF mass spectrum of dendronized superphenalene 92.

Although both dendronized superphenalenes 91 and 92 readily dissolve in
common organic solvents at room temperature, their "H NMR spectra are not
very informative. To illustrate this, the '"H NMR spectra of 91 and 92 in
tetrachloroethane-d, are shown in Figure 89. In all the '"H NMR spectra of
compounds 91 and 92, regardless of the solvent, concentration and temperature,
resonances arising from the phenyl rings of the dendrons could be observed, but

not those of the protons on the aromatic core.
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Figure 89. '"H NMR (aromatic region only) of 91 and 92 in tetrachloroethane-
d4(*).

These observations may be explained by several factors, one being low
molecular mobility due to large size of 91 and 92, which leads to a broadening of
the signals. In the case of 91, the sharp peaks probably arise from the outer
sphere protons, due to the higher mobility of these phenyl rings and their better
interactions with the solvent. The intense, broad signal under the sharp peaks
arises from non-averaged anisotropy of the disc and the phenyl rings close to the
core. In the case of 92, the signals of the outer sphere protons are not as well
resolved (as 91), likely due to the higher density of the phenyl rings in the second

generation dendrons, their lower symmetry and lower molecular mobility.

4.3 UV/Vis absorption and fluorescence measurements

The aggregation of PAH discs has a great influence, not only on their
order, but also on the photophysical and electronic properties of each disc.®®®
Hence, studying the photophysical properties of HBC-C+, in solution by steady

state and time-resolved spectroscopy showed that due to aggregation, both
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absorption and emission bands changed as a function of concentration. This is in
contrast to the HBC with six bulky tert-butyl groups which does not self-

assemble, and consequently shows no concentration dependence.®”
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Figure 90. Normalized UV-Vis absorption spectra of (a) 91 and (c) 92 in THF; C
=10 M (blue line) and 10° M (red line); temperature dependent UV/Vis spectra
of (b) 91 and (d) 92 in 1.1x10° M toluene solution.

UV/Vis absorption spectra of 91 and 92 measured with varying
concentration or temperature are shown in Figure 90. The UV/Vis absorption
spectra of 91 and 92, measured in THF and toluene in the concentration range
10* - 107 M, show a broad, featureless profile, but no concentration or solvent
dependence. The broad bands are probably the result of many close excited
electronic states with a small energy difference, thus overlapping each other. The

maximum absorptions of 91 (Amax = 488 nm) and 92 (Amax = 486 nm) are red
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shifted relative to C96-Cq2 (53a, Amax = 462 nm), which can be explained as a
consequence of extended conjugation between the dendrons and
superphenalene core. It should be pointed out that going to higher dendrimer
generation, i.e. from 91 to 92, has no significant influence upon the absorption
maximum. The variable temperature UV/Vis measurements in 10° M toluene
solution did not show any temperature dependence over the range of 20 — 85 °C
(85 °C was the upper experimental limit; small variations in the absorbance are

within the limit of experimental error).

Solid-state absorption spectra of C96-C4, (53a) and dendronized
superphenalenes 91 and 92 have been recorded from films prepared by spin-
coating from 102 M toluene solutions onto quartz substrates at room

temperature, and are depicted in Figure 91.
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Figure 91. Solid-state UV/Vis absorption spectra of (a) C96-C4, (53a), (b) 91 and
(c) 92, recorded from films, prepared by spin-coating from 10° M toluene
solutions at room temperature; for comparison, their solution UV/Vis spectra are
also shown (all spectra are normalized at Amax).
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The absorption spectrum of the film of C96-C4, (53a) displayed a
maximum of absorption at 478 nm, as shown in Figure 91a. This is a 16 nm
bathochromic shift in comparison to the absorption of C96-C4, in solution. This
significant absorption shift can be explained by the pronounced columnar
aggregation in the solid-state film after spin-coating. The absorption maximum of
dendronized superphenalenes 91 and 92 in the film is essentially not shifted
compared to that in solution (only a shift of 2-3 nm is observed), and this can be

ascribed to the inability of the superphenalene core to nt-stack in the dendronized

superphenalenes.

The fluorescence spectra of dendronized superphenalenes 91 and 92
measured by varying concentration or temperature are shown in Figure 92. In
general, compounds 91 and 92 showed similar fluorescence spectra when
excitated at 488 and 486 nm, respectively, giving rise to emission bands centered
at 674 nm, significantly red-shifted compared to C96-C+, (= 570 nm). Going to
the higher dendrimer generation has no influence upon the maximum in the
emission spectra, while the fluorescence intensity slightly decreases. In the
emission spectra of C96-C1,, the appearance of a low energy tail (at about 640
nm) was observed upon decreasing the concentration, although the exact reason
for this is currently not known (Chapter 2). On the other hand, the fluorescence
measurements of the dendronized superphenalenes 91 and 92 in THF or toluene
solution, did not show any concentration dependence, over the range 10° —
5x10® M (Figure 92a,c). Also, the variation of temperature over the range 300 —
400K has no influence on the fluorescence spectrum of 91 and 92 in 1,2-
dichlorobenzene, as shown in Figure 92b,d (only a small change in fluorescence
intensity was observed, but this is within experimental error). The absence of
change in the UV/Vis and fluorescence spectra of 91 and 92 with concentration
and temperature appears consistent with the assumption that six bulky dendritic
substituents around the core suppress the m-m stacking of the cores to some
extent, thus leading to less- or non-aggregated species. However, the lack of
clear results from the NMR and light-scattering experiments, preclude definite

conclusions from being made with regard to the extent of aggregation. This study
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also shows that in contrast to smaller discs, such as HBC, where the self-
assembly behavior could be effectively controlled by introduction of bulky
substituents as shown by 'H NMR, self assembly of larger discs, such as
superphenalene is far more difficult to control due to the inadequacy of analytical

methods available for its study.
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Figure 92. Concentration dependent fluorescence spectra of (a) 91 and (c) 92 in
THF, and temperature dependent fluorescence spectra of (b) 91 and (d) 92 in
10° M 1,2-dichlorobenzene solution (excited at 488 and 486 nm, respectively;
spectra are normalized at the emission maximum).

Summarizing the results described in this chapter, the insoluble building
block, hexa(4-iodophenyl)-C96 (97), carrying six reactive sites, can be prepared
by a rational approach, and despite its virtual insolubility, 97 could be easily and

quantatively functionalized by a subsequent standard transition metal-catalyzed
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coupling reaction. In general, this allows functionalization of the superphenalene
core as a final step, which greatly broadens the scope of functionalities that may
be introduced around the discs, thus paving the way to new materials based on
superphenalene. The principle was demonstrated through the preparation of
dendronized superphenalenes 91 and 92, with bulky dendritic substituents
around the core, which were expected to lead to the steric isolation and
diminished -7 interactions of the cores. Here, although insoluble, 97 could be
quantitatively converted by Hagihara-Sonogashira coupling with phenylacetylene
into the also insoluble hexa[4-(ethynylphenyl)phenyl]-C96 (99). The carbon-
carbon triple bond of 99 provides active sites for further functionalization by Diels-
Alder reaction, leading to the dendronized superphenalenes 91 and 92. Despite
their good solubility in common organic solvents, in '"H NMR spectra, regardless
of the solvent, concentration and temperature, resonances arising from the
mobile phenyl rings of the dendrons could be observed, but not those of the
protons on the aromatic core, which are effected by low molecular mobility.
UV/Vis and fluorescence spectroscopic measurements have been applied to
probe the influence of the surrounding polyphenylene dendrimer shell upon the
self-assembly properties of the superphenalene core. The dendronized
superphenalenes 91 and 92 show red shifted absorption spectra relative to that
of the alkylated C96-C,. UV/Vis measurements in solution exhibited no
dependence on concentration and temperature. Solid-state UV/Vis spectra of 91
and 92 are essentially identical to those measured in solution, and thus stands in
contrasts to the alkylated C96-C+, which shows a significant red shift on moving
from solution to film. These observations are consistent with the known
aggregation properties of C96-C+; in the bulk by virtue of strong -1t stacking, an
interaction that is hindered by the presence of bulky dendritic substituents on 91
and 92. Similarly to the solution UV/Vis experiments, fluorescence
measurements displayed a red shift relative to that of the alkylated C96-C+,, and
no dependence on concentration and temperature. However, the results from
optical and NMR experiments do not provide sufficient information to be able to

quantify the degree of self-assembly of 91 and 92 in solution.
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CHAPTER
5

Graphitic Molecules with Partial
»Zig-Zag” Periphery

5.1 Introduction

Molecular size, symmetry, and the nature of the periphery have a great
influence on the electronic properties as well as the two- and three-dimensional
superstructures of the graphite discs.'™ According to the Clar classification,
graphitic molecules with "armchair” and "cove” peripheries, as shown in Figure 93
(A,B), are all-benzenoid PAHs."! Within the Clar-type topologies, one expects a
lowering of the HOMO-LUMO gap upon increasing the size of the molecules.
However, the HOMO-LUMO energy gap of PAHs depends not only upon the
size, but also upon the nature of the periphery. Namely, in addition to the linear

topologies A and B (Figure 93), Stein and Brown considered two other peripheral
[15]

structures, C and D, in their theoretical work.

Figure 93. Peripheral topologies of large PAHSs: all-benzenoid (A,B), acene-like
(C), and quinoidal (D).
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These structures are typical for polycyclic aromatics and according to the Clar
model, must lead to the products with higher energy. Topology C, formed from
[4]helicene-like units, forces the double bonds that are not part of an electron
sextet into an acene-like configuration, whereas the "zig-zag” topology of the
remaining double bonds in topology D gives a quinoidal character. It was shown
that, in particular, a "zig-zag” periphery is predicted to lead to a lower HOMO-
LUMO gap then the "armchair” periphery, and also to higher reactivity.['!
Because of its hexagonal symmetry, hexa-peri-hexabenzocoronene (8,
Figure 94) serves as an intriguing homologue of benzene. The idea of using HBC
as the starting point of "superbenzene” chemistry of molecular graphite subunits
suggests a series of further structural modifications, such as variation of its edge-
structure. In this chapter, results which promise the establishment of a new family
of graphitic molecules with "reactive” double bond, are presented. As was pointed
out above, the integration of "zig-zag” edges should dramatically influence, not
only its electronic properties, but also its two- and three-dimensional self-

assembly behavior (due to the changing of symmetry).

Figure 94. Molecular structure of HBC (8), superphenalene (43), and target
compounds, with partial "zig-zag” periphery.
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5.2 Synthesis

Whereas cyclotrimerization of phenyl-substituted ethynes is restricted to
the preparation of polyphenylene precursors with six-fold symmetry, Diels-Alder
[4+2] cycloaddition of tetraphenylcyclopentadienone with diarylacetylenes is a
well-established method to construct polyphenylene derivatives.['*2?" Therefore,
the key design element here is to incorporate a “zig-zag” edge into the
cyclopentadienones. Recently, Z. Wang, in the group of Prof. Mullen, found that
pyrene-4,5-dione derivatives form unique helical columnar arrangements in

[22

single crystals,'*? and that their Knoevenagel condensation with benzil gives the

desired building block, 1,3-diphenylcyclopenta[e]pyren-2-one (106, Figure 95).

OO‘D o 9
240 °C O O

O O‘O AICl;, Cu(CF,SO,), N
106 Ph,0 cs, -
6h, 35%
+

=) 9

108
107 103

Figure 95. Synthetic route to "zig-zag” HBC (103).

Diels-Alder reaction of 1,3-diphenylcyclopenta[e]pyren-2-one?*?* (106, prepared
by Z. Wang) with commercially available diphenylacetylene (107) resulted in the
corresponding 9,10,11,12-tetraphenyl-benzo[e]pyrene (108) in relatively low yield
(35%), probably because of the thermal decomposition of 106 during
cycloaddition process (240 °C). Cyclodehydrogenation®® of the unsubstituted
108 proceeded smoothly with copper(ll) trifluoromethanesulfonate and
aluminium(lll) chloride to give the desired planar PAH 103 with one additional
’zig-zag” edge. The vanishing solubility of 103 precludes solution '"H NMR and
3C NMR characterization; however, MALDI-TOF mass spectrometry (solid-state
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analyte in TCNQ matrix preparations),’*>?® reveals a single species with isotopic
distribution in accord to that calculated for compound 103, proving the loss of
exactly 10 hydrogen atoms during the formation of five new carbon-carbon bonds
(Figure 96).
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Figure 96. MALDI-TOF mass spectrum of “zig-zag” HBC (100); inset shows
isotopic distribution.

To demonstrate the versatility of our “molecular Lego”, we have
synthesized superphenalene “zig-zag” derivatives, 104 and 105, with one and
three additional “zig-zag” edges, respectively (Figure 97). The two key steps
toward the graphitic discs 104 and 105 are the synthesis of the polyphenylene
precursors (109 and 110) and the subsequent oxidative cyclodehydrogenation.
Three-fold Diels-Alder cycloaddition of commercially available 1,3,5-
triethynylbenzene (54) with excess (4.4 equiv) of 1,3-diphenylcyclopentale]pyren-
2-one (106) in refluxing o-xylene, gave the propeller-like precursor 1,3,5-
tris(9°,12"-diphenyl-benzo[e]pyren-11°-yl)benzene (110) in 70% yield, after work
up. The previously described building block 72a (Chapter 2) with one terminal
triple bond was used for the synthesis of polyphenylene precursor 109. The
Diels-Alder reaction of 72a with excess (1.3 equiv) of 1,3-
diphenylcyclopentale]pyren-2-one (106) in refluxing o-xylene gave 1-(9°,12°-
diphenyl-benzo[e]pyren-11"-yl)-3,5-di(2°,3",4",5 -tetraphenylphenyl)benzene
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(109) in 74% yield, after work up. The structure and purity of precursors 109 and
110 were confirmed by 'H and *C NMR spectroscopy, FD mass spectrometry,
and elemental analysis. As the 2D-representation of 109 and 110 suggests, they
could be cleanly cyclodehydrogenated to a graphitic molecules 104 (CggH30) and

105 (C102H30) with a more extended “zig-zag” character (Figure 97).

170 °C

o-xylene CH,Cl,
18h, 74%
170 °C FeCl,/CH,NO,
106
o-xylene CH,Cl,
+ 48h, 70%
\EP//
Il
54

Figure 97. Synthetic routes to "zig-zag” superphenalenes 104 and 105.

Again, the subsequent final cyclodehydrogenation step was the most
crucial one of the whole synthesis. The MALDI-TOF mass spectrometry, using a
solid-state sample preparation method with TCNQ as matrix, played a major role
in the control of the reactions and the determination of the degree of

cyclodehydrogenation.®® The planarization was first attempted using the system
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of aluminium(lll) chloride and copper(ll) trifluoromethanesulfonate in carbon
disulfide, as has been successfully employed for the synthesis of 103. However,
reaction of precursor 109 with three equivalents (and 48 hours reaction time) or
six equivalents (and 24 hours) of aluminium(lll) chloride per hydrogen to be
removed, resulted in the formation of the desired, fully planarized disc 104, and
significant amounts of partially cyclized products. In the case of precursor 110,
use of three equivalents of aluminium(lll) chloride (and 28 hours) also resulted in
the formation of the desired product 105 and a significant amount of partially
cyclized compounds. Increasing the amount of aluminium(lIl) chloride led to 105
and significant amounts of chlorinated side-products.

The attention was therefore redirected to the iron(lll) chloride/nitromethane
system in a dichloromethane solution of the precursor. For precursor 109,
reaction with smaller amounts of iron(lll) chloride (three or four equivalents per
hydrogen to be removed) results in the formation of CggH3o disc 104, but partially
cyclized products were also observed. It turns out that 5.5 equivalents of iron(lll)
chloride per hydrogen to be removed and 24 hours reaction resulted in the best
results, leading to the formation of 104, as shown in the MALDI-TOF mass
spectrum in Figure 98. Use of larger amounts of oxidant (more than six
equivalents) and the same reaction time led to complete planarization, but also a
significant amount of chlorinated products was observed. Oxidative
cyclodehydrogenation of precursor 110 required a shorter reaction time and
smaller excess of iron(lll) chloride. However, it should be pointed out that
chlorination, as a side-reaction occurred easily and was difficult to completely
eliminate. The optimum conditions for this molecule were three equivalents of
iron(lll) chloride and 10 hours reaction time, leading to the MALDI-TOF mass
spectrum depicted in Figure 98. The isotopically resolved molecular ion peak of
C102H30 PAH (105) is by far the predominant product, however small amounts of
chlorinated, side-products are observed.

The PAHs 104 and 105 were precipitated as dark red-brown materials
upon addition of methanol to the cyclodehydrogenation reaction solution,
collected by filtration and washed with methanol until the solvent showed no

more trace of yellow color from iron salts. After drying, the resulting powders
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have a black color, since the color of the product is very dependent on the
morphology, which is likely influenced by the sample treatment. Due to the very
poor solubility of new graphite discs (104 and 105), NMR characterization failed.
Elemental analysis of such kinds of insoluble graphite discs can not provide
reliable information about the elemental composition because of the incomplete
combustion during these measurements. Alternatively, as was pointed out above,
isotope-resolved MALDI-TOF mass spectrometry using a solid-state sample
preparation method, played a major role in the proof of identity of these large
PAHs.

800

700 4 w 1207.3
1207.3[m] .
600 Va.u. «o.
500 - o
I/a.u. 400 - o,
300 4
200
100 [ZT ] 104
500 1000 1500 2000 2500 3000 3500 Calculated average mass: 1207.3
Calculated mass of most intense peak: 1207.2
m/z
4500 -
1 4000, 1255.5
4000 1255.5
3500 o o
b I/a. -
3000 o -
2500 -
I/a.u. . -
2000 - [T ) ‘h'm/Zﬁé& e e 1
1500 —
1000
500 -] 105
" * " y " ] Calculated average mass: 1255.4
1000 1500 2000 2500 3000 Calculated mass of most intense peak: 1255.2
m/z

Figure 98. MALDI-TOF mass spectra of "zig-zag” superphenelenes 104 and 105;
inset shows isotopic distribution.
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5.3 UV/Vis and fluorescence characterization

Ultralarge, unsubstituted PAHs show very poor solubility in all the usual
solvents, which can be attributed to the extensive planarity and the consequent
packing behavior of these large aromatics. Although a new “zig-zag” HBC (103)
shows a very poor solubility, refluxing of a small amount of 103 in 1,2,4-
trichlorobenzene (1 mg/1L) gave a solution of sufficient concentration to record
its absorption and fluorescence spectra in solution. After the solution had cooled
back down to room temperature, the measurements were conducted. The

resulting spectra are shown in Figure 99.
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Figure 99. Normalized UV/Vis absorption and fluorescence spectra of HBC (8;
black line) and "zig-zag” HBC (103; red line), recorded at room temperature in
1,2,4-trichlorobenzene solution.

A UV/Vis absorption spectrum of 103 recorded in 1,2,4-trichlorobenzene
clearly shows three types (groups) of bands (a, p (or Lo, Ls?") and B (Ba, Bo?"))
which are typical for aromatic hydrocarbons (Figure 99).!" The absorption

maximum of 103 (Amax = 380nm) shows a significant bathochromic shift with
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respect to the corresponding band of 8 (Amax = 359 nm) (0—0 band of the So—f3
transition, assignments based upon calculations). Reducing the symmetry
increases the intensity of 0—0 band of the a (or Ly) transition (486 nm) which is
otherwise very weak (symmetry forbidden) for the Dg, symmetric unsubstituted
HBC, as shown in the profile of the emission spectra. Interestingly, there is also a
characteristic band at 438 nm that is not found in the all-benzenoid analogue.
ZINDO-CIS quantum chemical calculations (performed by Prof. F. Negri,
University of Bologna, Italy) were carried out to estimate excitation energies and
oscillator strengths at the B3LYP/3-21G equilibrium structure of this molecule,
and it was found that a net, remarkable transition dipole moment is associated
with the 0—0 band of the Sp—L, (or Sg—p) transition. The wavefunction
composition of this state provides an explanation: the (H—L) excitation
dominates the L, state of "zig-zag” HBC, thus breaking the perfect cancellation of
transition dipole moment which occurs in HBC, owing to the identical weights of
the two (H—L) and (H-1—L+1) excitations. It is clear that this is a result of strong
electronic perturbation in these orbitals, both in shape and energy, induced by

two additional t-centres.
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Figure 100. Solid-state UV/Vis spectra of 43 (black line), 104 (red line) and 105
(blue line).
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In contrast to "zig-zag” HBC (103), "zig-zag” superphenalenes 104 and
105 were refluxed in 1,2,4-trichlorobenzene for 24 h, but UV/Vis spectra could
not be measured from these solutions. Thus, the only possibility to study these
properties for large unsubstituted PAHs 104 and 105 is the measurement in thin
films (solid-state characterization). Thin films were prepared mechanically by
simply smearing samples on a quartz substrate. The resulting UV/Vis spectra of
thin films of 43, 104 and 105 are shown in Figure 100. They show a broad,
featureless profile, with low-energy tails extending to roughly 750 nm. As a
consequence of the integration of additional "zig-zag” edges, the absorption
maximum (B band) of 104 (Amax = 508 nm) and 105 (Amax = 535 nm) shows a
significant bathochromic shift (18 and 45 nm, respectively) when compared to
their parent superphenalene PAH (43) without a "zig-zag” edge (Amax = 490 nm).
In contrast to the smaller HBC core, the integration of "zig-zag” edges did not
cause the appearance of new visible bands in UV/Vis spectra. The “zig-zag”
superphenalene core, carrying solubilizing substituents could lead to new
processible materials with a broader absorption range that more effectively

captures solar radiation, thus providing greater photovoltaic performance.

5.4 Synthesis and characterization of soluble “zig-zag”
superphenalene

One of the difficulties in dealing with larger PAHs is the fact that with
increasing the size of the core, the solubility of these compounds decreases
dramatically.®! Alkyl substitution is a prerequisite for the solubilization of large
PAHSs and it is also important for the formation of liquid crystalline phases.>'™! In
order to acquire more spectroscopic information and gain more insight into the
two- and three-dimensional self-assembly behavior of these new graphitic
molecules, we have focused our attention on the synthesis and characterization
of a soluble derivative of 104. Presumably, the introduction of six tert-butyl

groups is not enough to solubilize large PAH"! such as 104, and we have
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synthesized soluble "superphenalene” with an additional "zig-zag” edge 113, by

incorporating long dodecyl alkyl chains, as shown in Figure 101.

170 °C
o-xylene
18h, 92%

CH,CI,

Figure 101. Synthesis of the soluble "zig-zag” superphenalene derivative 113.

Following the construction principle described for 104, the polyphenylene
precursor 112, bearing four dodecyl alkyl chains, was synthesized by a Diels-
Alder reaction between 72b (building block with one terminal triple bond,
previously described in Chapter 2) and excess (1.3 equiv) of 2,7-di-tert-butyl-
9,11-diphenyl-cyclopentale]pyren-10-one (111; prepared by Z. Wang) in r