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Abstract

Formation of needle-like crystals from inorganic as well as from organic semiconductors
such as para-phenylenes, α-thiophenes and phenyl-thiophene co-oligomers on dielectric
surfaces has attracted increasing interest within the last years. The para-hexaphenylene
has proven to be a versatile building block for generating long, parallely aligned organic
nanofibers by a self-assembly process on a muscovite mica substrate via sublimation in
high vacuum. These nanofibers possess outstanding optical properties like strong, po-
larised blue fluorescence in high quantum yields after unpolarised excitation with UV
light, waveguiding and lasing features. Furthermore, they are chemically and thermically
stable and can be easily detached from the growth substrate to serve as key elements in
next generation optoelectronic and nanophotonic devices. Owing to their typical height
and width on a nanometer scale and length up to one millimeter, the fibers bridge the
gap between microscopic and macroscopic dimensions. The morphology of the nanofibers
(length, height, width, aspect ratio, bending into rings) is susceptable to process parame-
ters and pretreatment of the substrate. But chemically functionalisation of the molecular
building block as key step of this thesis widens the scope of possibilities: Nanoaggregates
with tailored morphology and optical properties are generated from designed function-
alised molecular building blocks. Functional groups have been implemented at the 1,4´´´-
para-positions of p-quaterphenylenes using a non-trivial Suzuki cross-coupling strategy.
Symmetrically as well as non-symmetrically functionalised oligomers have been achieved
in excellent yields and high purity. Additionally, the synthesis of phenyl-thiophene co-
oligomers and their acceptability for the nanofiber growth on muscovite mica via organic
molecule deposition in high vacuum are presented. The fluorescence peak emission fre-
quency of the nanostructures from the substituted p-quaterphenylenes shifts within the
blue depending on the functionalisation. While dimensions are still influenced by the
growth parameters, the overall shape (i.e. cross-section) of the aggregates alters signif-
icantly with the functional group. Even new properties like nonlinear optical activity
are accessible. Due to intrinsic nonzero hyperpolarisability of push-pull functionalised
oligomers, the respective nanofibers act as frequency doublers and emit strong second
harmonic light after excitation with near infrared femtosecond laser pulses. Note that this
design approach is possible while conserving the concept of highly crystalline nanofibers.
Thus, a new route of bottom-up nanotechnology is presented starting from organic molec-
ular synthesis towards generating of tailormade organic nanofibers opening new prospects
for future nanotechnology.
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Zusammenfassung

Die Bildung von nadelförmigen Kristallen aus anorganischen und organischen Halbleitermolekülen
wie zum Beispiel para-Phenylenen, α-Thiophenen und Phenylthiophen Co-oligomeren fand großes
Interesse in den letzten Jahren. Das para-Hexaphenylen hat sich als besonders geeignet gezeigt
lange, parallel angeordnete organische Nanofasern durch einen Selbstanordnungsprozess auf einem
Muskovit Glimmer Substrat bei Sublimation im Hochvakuum auszubilden. Diese Nanofasern
zeigen außergewöhnliche optische Eigenschaften: Sie senden intensives, polarisiertes blaues Flu-
oreszenzlicht nach Anregung mit unpolarisiertem UV-Licht aus, außerdem eignen sie sich als
Lichtleiter und als Nanolaser. Des weiteren sind sie chemisch und thermisch stabil und können
einfach vom Substrat abgelöst werden, um in optoelektronische und nanophotonische Bauteile
einer neuen Generation integriert zu werden. Wegen ihrer nanoskalierten Höhe und Breite, und
ihrer Länge bis zu einem Millimeter verbinden die Fasern mikroskopische und makroskopische
Einheiten miteinander. Die Morphologie der Nanofasern (Länge, Höhe, Breite, Seitenverhältnis,
Verbiegen zu Ringen) wird durch die Aufwachsparameter und Vorbehandlung der Substrato-
berfläche beeinflußt. Eine chemische Modifikation der molekularen Bausteine als Schlüsselele-
ment dieser Arbeit jedoch schafft weitere Möglichkeiten: Nanoaggregate mit bedarfsgerechter
Gestalt und abgestimmten optischen Eigenschaften können aus maßgeschneidert funktional-
isierten Molekülen generiert werden. Funktionelle Gruppen wurden über eine ausgeklügelte
Suzuki Kreuzkupplungsstrategie in den 1,4´´´-para-Positionen von p-Quaterphenylenen einge-
führt. Es wurden sowohl symmetrisch als auch nicht symmetrisch substituierte Oligomere in
hervorragenden Aubeuten und hoher Reinheit synthetisiert. Außerdem wurden Phenylthio-
phen Co-oligomere hergestellt, die ebenfalls auf ihre Eignung zur Ausbildung von Nanofasern
auf Muskovit Glimmer Oberflächen durch Abscheidung aus der Gasphase im Hochvakuum un-
tersucht wurden. Das Fluoreszenz-Maximum der Nanostrukturen aus den funktionalisierten
Quaterphenylenen verschiebt sich innerhalb des blauen Wellenlängenbereichs in Abhängigkeit
von der funktionellen Gruppe. Die Abmessungen der Nanofasern werden nach wie vor von den
Aufwachsbedingungen beeinflußt, aber die allgemeine Form insbesondere der Querschnitt verän-
dert sich eindeutig bei der Wahl verschiedener Substituenten. Es entstehen sogar neue Eigen-
schaften wie zum Beispiel nicht-lineare optische Aktivität. Aufgrund der von Null verschiedenen
Hyperpolarisierbarkeit, die die nicht-symmetrisch funktionalisierten Molekülbausteine besitzen,
sind die jeweiligen Nanofasern Frequenzverdoppler: Sie senden intensives, frequenzverdoppeltes
Licht aus, wenn sie mit femtosekunden-gepulstem Laserlicht aus dem nahen Infrarot angeregt
werden. Es sei darauf hingewiesen, daß das gesamte Design auf dem Konzept von kristallinen
Nanofasern basiert. Dementsprechend wird hier ein neuer Ansatz der sog. bottom-up Nanotech-
nologie präsentiert, angefangen bei der organischen Synthese bis hin zur Bildung maßgeschnei-
derter Nanostrukturen, die neue Möglichkeiten für die Nanotechnologie der Zukunft aufzeigen.
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1 Introduction to Nanofibers

Bottom-up nanoengineering has been the desire of scientists and engineers ever since the
idea of controlling materials down to the nanoscale came to life. Essentially it is the
art of fabricating quantitative amounts of similar nanoshaped aggregates from designed
molecules with specific properties. Whereas molecular engineering is a long lasting suc-
cess story, the possibility to nanoshape aggregates via controlled bottom up growth has
emerged only within the last ten years. Nanofibers as one modification of nanoaggregates
have attracted quite some attention in the recent past, mainly in their form as inor-
ganic semiconducting nanowires [11–15] such as silica nanowires [16–18] for light guiding,
nanowire sensors [19, 20] and nanolasers [21], or organic polymer based nanofibers [22–24].
As an example for the latter ones, polyethylene oxide nanofibers produced by electrospin-
ning are shown in Fig.1.1. Semiconducting nanowires promise to revolutionise the field of
submicron integrated photonics due to their small sizes and extraordinary morphological
and optoelectronic properties.

Fig. 1.1: SEM image of polyethylene oxide nanofibers made by electrospinning [25].

A more direct molecular nanotechnology would be to start with organic molecules as
building blocks, whose oligomeric properties are easier to tune and to control compared
to polymers. The obvious obstacles here are the controlled growth of similar nanoaggre-
gates of predefined shapes and their transfer onto more complicated target substrates.
The huge advantage, however, is a tremendously increased design flexibility, enhanced
integration into devices and potentially considerably improved performance - comparable
to the revolution from liquid crystal based flat screens to organic light emitting device
based screens.
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1 Introduction to Nanofibers

Fig. 1.2: Self-assembly of rodlike functionalised organic oligomers on a muscovite mica
substrate upon evaporation in high vacuum leads to well shaped, mutually aligned nanoag-
gregates. Upon irradiation with UV-light the distinct nature of these aggregates becomes
obvious by emission of intense, polarised blue light. The morphology of the nanostructures
strongly depends on the functionalisation of the organic oligomers. Not only morphology
but also optical properties can be tailored: By choice of an appropriate functionalisa-
tion the structures act as nanoscaled frequency doublers. Four fluorescence microscopy
images of divers organic nanoaggregates are shown; typical dimensions are several ten
nanometer in height, few hundred nanometer in width and length starting from few ten
micrometer up to several hundred micrometer. Flexibility is a great advantage of organic
molecules compared to inorganic compounds. The developments and exploration of these
functionalised organic oligomers is crucial for future nanotechnology.

Among organic molecules oligomers built up of π-conjugated systems have recently
seen a tremendous development due to their interesting optical, electrical and optoelectri-
cal properties [26–30]. The use of organic rather than inorganic compounds to fabricate
nanostructures usually has the advantage of higher luminescence efficiency at the same
material density, more flexible spectroscopic properties, and in general easier and cheaper
processing. Especially rod-like molecules [31, 32] like oligothiophenes [27, 33], perylenes
[34, 35], pentacenes [36] and oligo-p-phenylenes [37–40] have been studied in this con-
text [41, 42]. Among those the latter ones and especially the p-hexaphenylene has been
found to form very interesting needle-like, parallely oriented nanoaggregates upon vapour
deposition by a sophisticated high vacuum surface growth process [43, 44]. Owing to
their typical height and width on a nanometer scale and length up to one millimeter, the
fibers bridge the gap between microscopic and macroscopic dimensions. These nanofibers
show high quantum yields being about 30% [45] of anisotropic blue luminescence, which
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makes them promising candidates for new building blocks for optoelectronic devices like
organic light emitting diodes (OLEDs). Waveguides [46–48] as well as ultraviolet light
pumped organic nanolasers [49–52] are other potential applications. In addition electrical
properties have been investigated [53–55] in view of potential applications of nanofibers
in organic field-effect transistors (OFETs) or electroluminescent nanolasers.

Since the para-hexaphenylene has proven to be a versatile building block for generat-
ing long, parallely aligned organic nanofibers by self-assembly with outstanding optical
properties, an important step in exploiting the full potential of organic nanoaggregates is
to functionalise the molecular building block. Such primordial functionalisation is advan-
tageous compared to modifying of existing nanoaggregates. Although the aggregates can
be modified by adjusting the growth conditions like substrate temperature, deposition
rate or varying and/or modifyfing the growth substrate before deposition of the organic
material, this is only possible within rather narrow limits. But chemical functionalisation
of the molecular basis widens the scope of possibilities for modifications. This allows not
only tailoring and improvment of morphology and optical properties, but also to create
new properties. It is challenging to explore prospects and limits of this bottom-up na-
noengeneering approach: which chemically functionalised oligomers would still undergo
a similar self-assembly process and allow creation of quantitative amounts of crystalline
nanofibers with tailored morphologies and optical, electrical, mechanical and even new
properties?!

The aim of this thesis is to give an overview and to discover possibilities for future
nanotechnology. It is meant as a first step to cross borders and combine organic chemistry,
surface science techniques as well as physical characterisation methods. Since the growth
of p6P on muscovite mica is already well known and well characterised, it is not topic of
this thesis, but used as a starting point. For a better understanding the basic features
will be discussed in the following chapter. Chemical functionalisation of the nanofibers´
para-phenylene building block is the key step of a promising approach for a new route
to designed nanostructures with tailored properties. Note that the aim at this stage
is to explore and prove the general feasibility of this approach. Seeing that in-depth
interpretations of p6P nanofibers´ properties have been sufficient for several thesises, it
would go beyond the scope of a single thesis to apply this to the respective nanostructures
of the variety of functionalised para-quaterphenylenes. Thus, a novel organic molecule
based bottom-up nanoengeneering concept is presented here, based on the synthesis of
functionalised rod-like oligomers, which are expected to develop into an exciting new class
of nanomaterials.
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2 Para-Hexaphenylene on Muscovite Mica –
a unique combination?

Since para-hexaphenylene (p6P) is insoluble in common solvents deposition on substrates
has to be carried out by vacuum sublimation processes such as molecular-beam epitaxy
[43] or hot-wall epitaxy [44]. Sublimation processes are advantageous compared to pre-
cipitation from solution, because the organic molecules deposited from the gas phase in
high vacuum with a superior purity suitable for high performance application. In the
past p6P has been grown on various solid supports such as dielectric [56–59] and metallic
[60–62] surfaces, but muscovite mica emerged as the most favourable growth substrate
[39, 63]. The deposition of p6P on a freshly cleaved muscovite mica substrate at elevated
substrate temperatures leads to the formation of parallely aligned so called nanofibers,
whereas fiberlike aggregates but without parallel alignment are observed on alkali halides
[57], titan dioxide [58] and even on phlogophite [10, 63]. According to this muscovite mica
turned out to be the ideal match for p6P to generate long, parallely aligned nanofibers.

Fig. 2.1: Nanofibers of p6P on muscovite mica: fluorescence microscopy image (left),
atomic force microscopy image (middle), and model of molecules´ orientation within the
p6P nanofibers (right). A p6P oligomer consists of six phenyl rings bonded at the para-
positions to give a rod-like molecule.

Heights and widths of the p6P nanofibers are several ten and several hundred nanome-
ter, respectively, while their length can be adjusted between a few ten nanometer and one
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2 Para-Hexaphenylene on Muscovite Mica – a unique combination?

Fig. 2.2: Sketch of growth model for nanofibers via sublimation in high vacuum.

millimeter by varying the growth parameters like substrate temperature, deposition rate
and amount of deposited material. In a fluorescence microscope the needles emit polarised
blue fluorescence light after unpolarised excitation with UV light, Fig.2.1, owing to their
high degree of crystallinity. The plane of polarisation is almost perpendicular to the long
fiber axis with an angle of approximately 15° included. Because of the molecule´s sym-
metry the transition dipole for absorption of UV light and emission of fluorescence light is
parallel to the long molecular axis [64]. Therefore, analysis of the nanofiber´s polarisation
properties gives information about the molecule´s orientation within the fibers as shown
right hand side in Fig.2.1. This is confirmed by XRD experiments, which reveal that the
nanofibers with a herringbone bulk crystal structure are lying with the (1 1 1) face parallel
to the substrate [65].

Atomic force microscopy (AFM) shows morphological details, Fig.2.1, e.g. width and
height, which are not obtainable from optical images. AFM finds additionally small
clusters in between the fibers, which are believed to be needle precursors [66, 67] reflecting
the bottom-up fashion of the growth process, Fig.2.2. It has been postulated by low energy
electron diffraction pattern (LEED) [68] and thermal desorption spectroscopy [69], that a
wetting layer of organic molecules is formed on the surface initially. This reduces surface
energy, which leads to formation of clusters (i.e. Stransky-Krastanov growth) with the
same crystallographic alignment of oligomers as in the wetting layer [65]. The nanofibers
grow by agglomeration of these clusters after a critical size / density is reached. They
form two different, large domains on a single muscovite mica sample with an angle of 120°
in between. The growth direction is always along muscovite 〈1 1 0〉. The driving force
behind the self-assembled growth is probably a combination of epitaxy and dipole assisted
alignment. For a better understanding of the growth process more regard is payed to the
growth substrate within the following section.
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2.1 Growth Substrate: Muscovite Mica

2.1 Growth Substrate: Muscovite Mica

For generating nanofibers as introduced above an appropriate growth substrate is crucial.
Muscovite mica turned out to be the ideal match for p6P as well as for the functionalised
para-phenylenes, which will be demonstrated within the following Chapter Growth. In all
cases freshly cleaved muscovite mica with the (ideal) formula (K2Al4[Si6Al2O20](OH)4)
was used as growth substrate. It is reasonably cheap and easy to cleave, obtaining a clean
and atomically flat surface. This allows preparation of well-defined samples by deposition
of organic molecules in high vacuum without too much disturbance from substrate defects
like steps as it is the case for e.g. the alkali halides KCl and NaCl. Muscovite mica is a
sheet silicate (monoclinic lattice, a = 5.2 Å, b = 9.0 Å, c = 20.1 Å, γ = 95.8° [70]) consisting
of octahedral Al-O layers sandwiched between two tetrahedral Si-O layers. One out of
four Si atoms in the tetrahedral layers is replaced by an Al atom. The resulting charge
due to this substitution is compensated by an intercalation of potassium ions in between
two tetrahedral sheets. The cleavage of the substrate occurs along these interlayers and is
almost perfect, resulting in large atomically flat areas on the surface. Each cleavage face
possesses half of the potassium cations, which leads to the formation of surface dipoles.
Their existence has been postulated by low energy electron diffraction pattern (LEED)
of vacuum and air-cleaved muscovite mica [71, 72]. A freshly cleaved mica surface is
positively charged and hydrophilic.

Fig. 2.3: Growth substrate muscovite mica: top view (left hand side), side view along
the red line (right hand side). Red line indicates the muscovite 〈1 1 0〉 direction, which
exhibits grooves. Green arrows show surface electric fields, which are connected to the
groove direction. Black rectangle indicates the surface unit cell.

Muscovite mica is a dioctahedral mica [73], which means that only two out of three
octahedral sites are occupied by a cation. This leads to a tilt of the Al/Si oxide tetrahedra
and to the formation of grooves along a 〈1 1 0〉 direction of the surface in case of the
most common 2M1 polytype. They have been observed experimentally by atomic force
microscopy [74]. These grooves alternate by an angle of 120° between consecutive cleavage
layers together with the oriented electric fields of the surface, leading to grooves along the
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2 Para-Hexaphenylene on Muscovite Mica – a unique combination?

two 〈1 1 0〉 directions, not along the optical axis [1 0 0]. That way the surface exhibits a
one-fold symmetry instead of a three-fold symmetry, Fig.2.3.

The orientation of the high symmetry directions can be obtained by a so called Schlag-
figur. A pin is punched through a mica sample leading to cracks along [1 0 0], [1 1 0] and
[1 1 0] [75]. Usually the crack along [1 0 0] is the longest, but looking through two crossed
polarisers at the Schlagfigur makes it distinctive: If the light is polarised either parallel or
perpendicular to [100] no light passes the polarisers. In case the pin is not sharp enough
or pressed with too much force on the mica sample before punching, a Druckfigur is ob-
tained, which is rotated by 30° with respect to the Schlagfigur [76].

Fig. 2.4: Growth model for p6P: (a) For the dipole interaction along 30°±15° the in-
teraction energy −w(φ) ∝ cos2(φD − φ) is plotted. The interaction energies reach their
maximum values for needles along 〈1 1 0〉, i.e. along the two solid vertical lines. In (b)
and (c) the orientations of phenylene needles on muscovite mica are sketched, together
with the orientation of the molecules within the needles. The muscovite mica directions
are depicted by black arrows, the assumed dipole directions by short green arrows. Fibers
not realised on the two domains (b) are drawn by dotted lines, in (a) by dashed vertical
lines. The calculation in (a) corresponds to the domain in (b). From [63].

The growth direction of the para-phenylene nanofibers is always along a muscovite
〈1 1 0〉 direction, and this is for symmetry reason the grooved 〈1 1 0〉 direction. Surface
electric fields are assumed to be in along two directions at 90±15° with respect to the
groove direction. These electric fields are supposed to align molecules on the surface, which
was demonstrated many years ago [77, 78]. For the nonpolar molecules this alignment
is caused by dipole-induced dipole interaction, i.e. a dipole assisted self-assembly [43].
Whereas the long fiber axis is parallel to the high symmetry direction the molecule´s long
axis is approximately perpendicular to the high symmetry direction with an angle of φ =
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2.1 Growth Substrate: Muscovite Mica

±14°. That way the molecules orientate with their long axes parallel to the surface dipoles
(angle φD = ±15°). Because the induced dipole moment depends on the component of
the electric field parallel to the long molecular axis, and because the interaction of the
induced dipole with the surface dipole depends on the cosine of the enclosed angle, the
interaction energy is:

− w(φ) ∝ cos(φD − φ)2 (2.1)

The two different surface dipole orientations are just reflected by two different molecule
orientations within the fibers (cf. Fig.2.5(c)). In Fig.2.4(a) the azimuthal interaction
energy according to Eqn.2.1 is plotted for fixed dipole orientations φD = 30 ±15°, i.e.
dipoles corresponding to the (approximately perpendicular) 〈1 1 0〉 direction at φ = 120°.
The vertical lines denote molecular orientations matching possible fiber directions. Re-
alised needle directions within a single domain are emphasised by solid vertical lines,
not realised directions by dashed lines. Obviously the realised directions are the ones
with highest interaction energy. That way on every dipolar domain only a single needle
direction exists. This dipolar domain rotates by an angle of 120° between consecutive
cleavage planes. The fibers change their orientation when they cross an odd number of
mica cleavage steps, and maintain their orientation for crossing an even number of steps.
This results in formation of two domains on a single sample rotated by 120° with respect
to each other.

Fig. 2.5: (a) AFM image of 80 nm tall p6P needles on plain mica, 10 × 10 µm2.
Needles consist of lying molecules with the (1 1 1) face as contact plane, (b) the long
needle axis (red arrow) being parallel to the grooved mica 〈1 1 0〉 direction. In between
the nanofibers p6P clusters are visible. In (c) the distribution of the measured angle for
maximum polarisation with respect to the long needle axis is shown, together with a solid
line representing a model for the optical properties of isolated, single crystalline needles.
The deviation between model and measurement for βmol ≈ 90° stems from, for instance
bundled fibers. From [10].

The important role of the grooves and the corresponding electrical fields becomes ob-
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2 Para-Hexaphenylene on Muscovite Mica – a unique combination?

vious, if a mica substrate without these features is used: On phlogopite, a trioctahedral
mica without pronounced grooves [73, 74], a single growth direction is no longer preferred,
and though needles, namely p6P nanofibers grow along all the three epitaxially favoured
high symmetry directions simultaneously [10, 63].

Epitaxy leads to formation of fibers along the high symmetry directions. In general,
epitaxy describes the crystallographic relationship between the organic overlayer (the
nanofibers) and the growth substrate. The nanofibers face with their close packed (1 1 1)

face of the herringbone bulk crystal structure the substrate [65], and the unit cell´s short
axis is oriented along the high symmetry directions [68], i.e. molecules are lying on the
surface and their stacking is along muscovite 〈1 1 0〉, Fig.2.5(b). Since epitaxy alone would
result in three growth directions along the high symmetry direction, the dipole induced
dipole interactions are responsible for choosing the grooved muscovite 〈1 1 0〉 directions as
the only growth direction. According to this the driving force behind the self-assembled
growth process is a combination of epitaxy and dipole assisted alignment.

The question is now: Is this combination of p-hexaphenylene as molecular building block
and freshly cleaved muscovite mica as growth substrate really unique, or will appropriate
primordial functionalisation of the p-phenylene molecular basis allow tuning of morphol-
ogy and of optical properties and even creation of new properties, while conserving the
concept of crystalline nanofibers?!
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3 Synthetic Approach towards functionalised
para-Quaterphenylenes [1, 2]

All previous attempts to realise organic nanofibers from molecules other than p6P have
resulted in only short needle-like structures with no or only weak mutual alignment or more
complex needle-like structures [79]. The p-phenylene basis gives the highest probability
for growth of well-shaped nanofibers on muscovite mica [39]. Comparing the growth
of commercially available para-phenylenes consisting of four, five and six phenyl rings,
respectively, the nanoaggregates become shorter and less oriented with decreasing chain
length of the molecular building block. This is to a certain extend attributed to the
decrease in polarisability of the oligomers [43, 68]. So it is tempting to use a p-phenylene
basis and to maintain approximately the polarisability of the p6P while changing optical
and electronic properties of the molecule via functionalisation. A coplanar arrangement
of the molecule´s phenylene rings is important for ensuring optimum CH-π-interactions1

between the individual molecules within the crystalline nanoaggregates to maintain the
fiberlike structure. Since para-phenylenes are twisted in the gas phase, the surface mobility
of the vapour deposited molecules is high enough to migrate on the surface with long
diffusion length, which results in promoted epitaxial growth. It has been demonstrated
for different phenyl-thiophene co-oligomers with varying degrees of torque in the gas phase,
vapour deposited onto KCl, that the rather coplanar molecules favour hit and stick growth,
which results in inferior fiber growth [80]. However, the coplanar arrangement within
the bulk structure is important for the nanofibers´ optical properties because of a better
conjugation of the π-electron systems. Exchange of a hydrogen atom at the meta-position
of a phenyl ring by only a small fluorine atom leads to deviation from coplanarity of the
phenyl rings within the crystal structure [81, 82]. Therefore, the only positions suitable for
carrying functional groups seem to be the two para-positions because any other position
would lead to a significant out-of-plane orientation of the phenylene rings and probably
also prevent the self-assembly for steric reasons.

One could think of two different classes of compounds, symmetrically and non-symmet-
rically (i.e. differently or mono) substituted oligomers. The latter are more interesting
because they offer more possibilities to fine-tune the desired molecular properties and also
to exhibit new properties. Due to non-centrosymmetry of the molecules, it is expected
from theory that they possess non-zero second order susceptibility [83–85], therefore the

1The p6P crystallises in the herringbone packing as typical for many organic molecular crystals.
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3 Synthetic Approach towards functionalised para-Quaterphenylenes [1, 2]

respective nanoaggregates could feature non-linear optical activity. Molecular engineer-
ing has already enabled the design of molecules with specific optical properties such as
a large two-photon absorption cross section [86, 87] or large second-harmonic (SH) re-
sponse [88, 89]. The challenge is now to obtain not only tailor-made oligomers but also
morphologically well-defined nanofibers.

Unfortunately, it is rather difficult to modify para-phenylenes because of their low sol-
ubility, which even decreases with increasing chain length of the molecule. It is therefore
reasonable to try out functionalisation of the rather short para-quaterphenylene oligomers.
Since synthesis of the non-symmetrically functionalised oligomers is complex, the symmet-
rically functionalised oligomers are ideal candidates to prove whether the introduction of
functionalities is possible and if the functional groups will be accepted within the growth
process.

In the following the development of a general approach for the synthesis of symmet-
rically and non-symmetrically 1,4´´´-substituted p-quaterphenylenes by application of a
reliable Suzuki cross-coupling strategy is presented. Experimental details are given as well
in the Chapter Experimental. Note that organic synthesis is a key step for the bottom-up
nanotechnology approach, therefore it should receive the deserved appreciation.

Fig. 3.1: Synthesis of symmetrically 1,4´´´-disubstituted p-quaterphenylenes MOP4,
CLP4, CNP4, NHP4, NMeP4 and NOP4 via Suzuki cross-coupling reactions (R = H or
alkyl).

Although the non-substituted p-quaterphenylene has been known for more than 125
years now [90] and like its higher oligomers is even commercially available, 1,4´´´-di-
substituted derivatives and especially non-symmetrically functionalised compounds are
still rare. This is mainly due to the notoriously low solubility of these compounds that
almost prevents a (regio-)selective functionalisation [91, 92]. In order to get access to
substances with a defined substitution pattern it is therefore mandatory to introduce
the desired functional groups into smaller building blocks and use these precursors to
establish the synthesis of the p-quaterphenylene scaffold. In the past this was achieved
by cyclotrimerisations of acetylenes [93–97], Diels-Alder reactions of cyclopentadienones
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and subsequent aromatisation [98–104], Wittig reactions of cinnamaldehydes followed by
Diels-Alder reactions with acetylenic dicarboxylates and subsequent aromatisation [105],
addition of Grignard reagents to arines [106–109], Grignard reactions with p-quinones and
subsequent dehydratisation [110, 111], or Ullmann-type coupling reactions [112].

Fig. 3.2: Synthesis of non-symmetrically 1,4´´-disubstituted biphenyl building blocks
(R = H or alkyl).

Modern transition metal catalysed homo- and cross-coupling reactions have become
more and more popular over the last 30 years [113–116]. They dominate the synthesis
of oligophenylenes today. Especially Kharash- and Suzuki-type couplings using Grignard
reagents or arylboronic acids or esters have been used very successfully in this context
[117–146]. Although most of the molecules prepared in this way carry long alkyl or alkoxy
groups that ensure solubility in common organic solvents a few examples of only 1,4” ’-
disubstituted p-quaterphenylenes could also be prepared [118, 119, 137, 147–151].

Fig. 3.3: Synthesis of non-symmetrically 1,4”-disubstituted p-terphenylene building
blocks (R = H or alkyl).

Thus, a similar approach for the author´s purposes was followed using Suzuki cross-
coupling reactions as the key steps in the synthesis of our target compounds.

Symmetrically substituted compounds were synthesised in a two-fold Suzuki cross-
coupling reaction from commercially available p-substituted phenylboronic acids or esters
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3 Synthetic Approach towards functionalised para-Quaterphenylenes [1, 2]

and 4,4´dibromobiphenyl or 4,4´biphenylbisboronic acid ester and a p-substituted aryl-
halide, respectively, using tetrakis(triphenylphosphino)palladium as catalyst (5 mol%)
together with cesium fluoride as base in dry THF as shown in Fig.3.1. The desired prod-
ucts were obtained in 54% (NOP4), 76% (NMeP4), 81% (CNP4), 92% (CLP4 and NHP4),
and quantitative yield (MOP4), respectively, after heating at reflux for 50 h.

Fig. 3.4: Synthesis of non-symmetrically 1,4” ’-disubstituted p-quaterphenylenes MO-
CLP4, MOCNP4 and MONHP4 from a methoxy functionalised p-terphenylene (R = H
or alkyl).

The preparation of non-symmetrically disubstituted derivatives was achieved in a multi-
step synthesis involving three Suzuki cross-coupling reactions and an iodination reaction as
the key steps. It starts with a building block consisting of a single phenyl ring substituted
with a protective group and a reactive group in para-positions. Further phenyl rings are
added stepwise at reactive groups using Suzuki cross-coupling reactions to finally give the
p-quaterphenylene core bearing functional groups at the 1,4´´´-positions (Fig.s 3.2, 3.3,
3.4). The differently functionalised target compounds have been obtained in respectable
all over yields around 30%.

This strategy has the advantage of allowing access to a variety of p-quaterphenylenes
with different combinations of functional groups from the same precursors. Furthermore,
it is flexible in the sense that the sequence of Suzuki coupling and iodination reactions
can be changed or additional functional group manipulations like palladium catalysed
borylations of halogenated compounds can be performed to synthesise other functionalised
oligo-p-phenylenes. This is depicted in Fig.3.3.

Because previous growth studies by the author gave good results for oligomer bearing
methoxy groups [3, 4], and differently functionalised oligomers with a methoxy group on
one side should be synthetically accessible in good yields, an assortment of those has
been synthesised. The three different compounds MOCLP4, MOCNP4 and MONHP4
also carrying a methoxy group at the 1-position and a chloro, cyano or amino substituent
in the 4´´´-position, respectively, have been prepared as a first set of non-symmetrically
(i.e. differently) substituted p-quaterphenylenes in 90% (MONHP4), 92% (MOCLP4) and
96% (MOCNP4) yield (Fig.3.4), respectively.

As in the case of the symmetrical analogues the final products precipitated from the
reaction mixture and were washed repeatedly with water and organic solvents for purifi-
cation. Residual water and organic solvents were then removed by outgassing in vacuo to
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give the desired functionalised compounds in high purity to perform the vapour deposition
experiments.

Synthesis of different mono para-functionalised para-quaterphenylenes was carried out
by Ivonne Wallmann, University of Bonn [2] by means of Suzuki cross coupling strat-
egy. Four of these oligomers have been chosen for growth studies within this thesis.
They are named CLHP4, CNHP4, MOHP4 and NMeHP4 bearing a chloride, cyano,
methoxy or N,N -dimethylamino group, respectively, at one of the para-positions of the
para-quaterphenylene core.

Fig. 3.5: Synthetic approach for the mono functionalised p-quaterphenylenes (a) step-by-
step reaction for MOHP4 and CLHP4, and (b) one-pot reaction for CNHP4 and NMeHP4.

The preparation of the mono functionalised oligomers was achieved in multi-step re-
actions using two different approaches with diverse catalytic systems: (I) A step-by-step
strategy involving two one-fold Suzuki cross-coupling reactions and a iodination reaction
as key steps was applied to synthesise MOHP4 and CLHP4. Yields for the final reaction
steps are 36% and 59%, respectively, Fig.3.5(a). (II) A one-pot strategy involving two
consecutive one-fold Suzuki cross-coupling reactions was utilised to obtain CNHP4 and
NMeHP4 with overall yields of 65% and 5%, respectively, Fig.3.5(b). For purification the
poorly soluble products have been washed repeatedly with water and organic solvents.
For experimental details see [2].

In conclusion a new practical approach is presented leading to versatile symmetrically,
non-symmetrically 1,4´´´-disubstituted and 1-mono substituted p-quaterphenylene em-
ploying Suzuki cross-coupling reactions. These are promising molecular building blocks
for the formation of defined nanoaggregates via vapour deposition techniques. Exploring
their acceptability for crystalline nanofiber growth was the next step of this thesis and
results are disclosed in the following Chapter Growth.

Additionally, the synthesis of two phenyl-thiophene co-oligomers was carried out by
the author. Also their acceptability for the nanofiber growth on muscovite mica via
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3 Synthetic Approach towards functionalised para-Quaterphenylenes [1, 2]

organic molecule deposition in high vacuum is demonstrated. Since these co-oligomers
are representatives of another interesting class of rod-like organic semiconductors, they
are discussed separately in the Chapter Outlook: Phenyl-thiophene co-oligomers.
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4 Growth – Variety of Nanoaggregates

4.1 General Remarks

So far the most powerful combination for generating long, parallely aligned organic
nanofibers consists of para-hexaphenylene as the molecular building block and muscovite
mica as the growth substrate. Comparing the growth of commercially available para-
phenylenes consisting of four, five and six phenyl rings, respectively, the nanoaggregates
become shorter and less oriented with decreasing chain length of the molecular building
block. This has been attributed in some degree to a decrease in the static polarisability of
the organic molecules along their long molecular axes [63]. The resulting induced dipole
moment decreases likewise leading to less stronger dipole induced dipole interactions for
the self-assembly process. The symmetrically functionalised p-phenylenes are expected
from theory to possess a larger polarisabilty compared to the bare p-quaterphenylene [83].
For non-symmetrically functionalised p-quaterphenylenes of course the permanent dipole
moment prevails the induced one. But the value of the polarisability can only give a
hint, just useful for comparing the growth of different representatives of a single class of
molecules.

Fig. 4.1: The crystals structure of p6P shows the herringbone packing, which is typical
for organic molecular crystals [152]. Solid lines indicate the unit cell.

Another factor which is important for the needle growth is the crystal structure with
respect to the substrate, i.e. misfit between organic overlayer and growth substrate, and
the internal structure of the unit cell. Therefore, the crystal structure of the molecules is
needed for detailed epitaxial considerations. Unfortunately, the crystal structure of the
newly synthesised p-functionalised p-quaterphenylenes is not known yet. The solubility of
the para-phenylenes is low, which complicates the growth of single crystals for a structure
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4 Growth – Variety of Nanoaggregates

Fig. 4.2: The herringbone crystals structure of MOPE [153]. Solid lines indicate the
unit cell.

analysis. The p6P crystallises as herringbone structure, Fig.4.1, which is typical for
organic molecular crystals from aromatic molecules, since the herringebone packing allows
most dense packing with minimum repulsion [154]. These crystals are held together by
per definition weak van-der-Waals interactions, the individual molecule is retained in the
crystal. Functionalisation can alter the packing of the molecules considerably. However,
for symmetric exchange of the hydrogen in the para-positions with only one different atom,
respectively, does not basically change the crystal structure. In case of 4,4´´´-difluoro-
quaterphenylene (FP4), a symmetric substitution with fluorine atoms at both ends, the
typical herringbone structure is retained [155] and the packing does not change. Therefore
also the crystal structure for the p-quaterphenylene symmetrically functionalised with
chloride groups (CLP4) is assumed to be similar to the structure, which has been found
for p4P and FP4 (Tab.4.1).

molecule symmetry a[Å] b[Å] c[Å] β[°] Z reference
p4P P21/a 8.11 5.61 17.91 95.8 2 [156]
FP4 P21/a 7.91 5.693 18.395 96.59 2 [157]
p6P P21/c 26.24 5.57 8.09 98.2 2 [156]

MOPE Pbca 6.03 40.03 7.42 90 4 [153]

Tab. 4.1: Lattice constants of p4P, FP4, p6P and MOPE crystals.

This might also be the case for bulkier functional groups like methoxy groups at the
para-positions of the quaterphenylene basis. In fact the XRD spectrum of MOP4 looks
very similar to the spectra of bare phenylenes, with the unit cell slightly enlarged along the
moleculas axes [158]. Furthermore, it has been found for phenyl-ethinylene co-oligomers
substituted with methoxy groups at both para-positions (MOPE), that these functional
groups do not prevent the herringbone structure, Fig.4.2, Tab.4.1. But the packing is
different compared to p6P, p4P and FP4: In case of MOPE four molecules instead of
two belong to a single unit cell, and the molecules are packed in a zig-zag course instead
of strictly parallel ordering of the long molecular axes. Note that this changes might
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4.1 General Remarks

not be due to the methoxy group but because of the altered molecular backbone, i.e.
phenyl-ethinylene instead of para-phenylene backbone. Indeed it has been demonstrated
by the author within first trial experiments (cf. [153]), that at this stage the phenyl
ethinylenes in general show inferior fiber growth compared to the para-phenylenes. This
argues for different packing of phenyl ethinylenes compared to para-phenylenes with a su-
perior match of molecular crystal´s and mica substrate´s lattice constants for the latter
ones. However, the MOPE´s crystal structure shows that functional groups in general
can be close together, whichs allows intermolecular interactions for appropriate functional
groups. The influence of these kinds of interactions on the optical properties in case of
mono functionalised para-quaterpheylenes is demonstrated in Chapter Linear Optics.

In the following it will be demonstrated that the deposition of functionalised p-quater-
phenylenes on muscovite mica via sublimation in high vacuum (for details see Chapter
Experimental – OMBE ) at elevated substrate temperatures leads in general to fiberlike,
parallely orientated nanostructures. Typical deposition rates were 0.1 - 0.2 Å/s. Since a
rather narrow temperature window for generating nanofibers exists [159], the inspected
substrate temperatures are ranging from room temperature to about 400 K. The opti-
mum temperatures for fiber growth vary for the individual oligomers, being usually in
an individual range of ±15 K around the respective optimum temperature. In all cases
freshly cleaved muscovite mica was used as growth substrate. For generating tailor-made
nanofibers not only the design of molecular building blocks is crucial but also an appro-
priate growth substrate is needed. Luckily muscovite mica turned out to be the ideal
match not only for p6P (cf. Chapter A Unique Combination? ) but also for functionalised
para-phenylenes. Different types of functionalisation have been investigated: (I) sym-
metrically functionalised oligomers and (II) non-symmetrically functionalised oligomers,
namely (II)a) differently di- and (II)b) mono-functionalised oligomers.

The dipole-assisted self-assembly growth process combined with epitaxy (cf. Chapter A
Unique Combination? ) is not prevented by the functional groups but even improved for
some functionalisations. The nanostructures form two domains on a single sample rotated
by 120°, and growth is usually along muscovite 〈1 1 0〉 if not otherwise indicated. The
morphology and the optical properties of the resulting nanostructures are determined by
the functional groups attached to the molecular building block. Most of the nanostructures
show strong, polarised blue luminescence after excitation with unpolarised UV-light under
normal incidence, which indicates lying molecules on the surface as light emitters [160,
161] ordered with a high degree of crystallinity. The plane of polarisation is always
approximately perpendicular to muscovite 〈1 1 0〉, i.e. almost perpendicular to the long
fiber axes. Because of the assumed herringbone structure with parallely packing of the
molecules, and because of the main transition dipole being approximately parallel to the
long molecular axis, analysing of the polarised emission gives a clue about the molecules´
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orientations within the nanofibers. These polarisation properties are of course optical
properties, but they have to be viewed together with the structure of the respective
nanoaggregates, therefore they are presented within this Chapter Growth.

The exact fluorescence wavelength is tunable within the blue by the functional groups
attached to the molecular building block to a certain extend (see Chapter Linear Optics).
Also non-fluorescent nanofibers can be generated, which is due to fluorescence quenching
of some certain functional groups. The detailed morphology, i.e. dimensions, cross-
section shape, aggregate density are determinded by the functional groups as well (see
this Chapter and Nanoshaping). The non-symmetric functionalisation allows new optical
properties: Since the oligomers are expected from theory to possess non-zero second
order susceptibility [83–85], the respective nanofibers show non-linear optical activity
and act as nanoscaled frequency doublers (see Chapter Non-linear Optics). The non-
centrosymmetry of the oligomers must be retained for the bulk structure to allow this
optical second harmonic generation. Therefore, a herringbone packing with a head-to-tail
orientation of the oligomers with respect to their functional groups is assumed for the
non-symmetrically substituted p-quaterphenylenes. In case of the mono functionalised
oligomers pronounced intermolecular interactions via hydrogen bondings can be deduced
from the fluorescence spectra (see Chapter Linear Optics).

In the following sections, apart from a few exemplarily statistical analyses, in general an
overview of the individual structural features of the nanoaggregates is given , i.e. rough
specifications on features such as dimensions and aggregate number density, aiming at
qualitative and comparing impressions, focussing on representative features.
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4.2 Symmetrically functionalised para-Quaterphenylenes

4.2 Symmetrically functionalised

para-Quaterphenylenes

4.2.1 Di-Methoxy-p-Quaterphenylene (MOP4) [3],[4]

The brightly blue fluorescent nanofibers from MOP4 are almost parallely aligned with
a mean width and height of several hundred nanometers and several ten nanometers,
respectively, and a length of several hundred micrometers. For the optimum substrate
temperature TS ≈ 340 K, fibers with length up to 800 µm are nearly as long as the
prominent p6P fibers. Some fibers possess strongly asymmetric borders. This phenomen
is known for p6P fibers aswell, but the asymmetry is is much less pronounced. If a critical
width of about 700 nm is reached for MOP4 fibers, a lateral instability leads to sawtooth-
like aggregates with one rugged and one straight side (Fig.4.3(a)). No preference for
the rugged sides being either on the left-hand or on the right-hand side of a needle is
observed. The fibers are in general wider and flatter compared to p6P fibers for similar
growth conditions. The top surface of MOP4 aggregates is exceedingly flat, the cross-
section is slablike.

Fig. 4.3: AFM images (a) 30× 30 µm2, height scale 110 nm; (b) 17× 17 µm2, height scale
38 nm and fluorescence microscope image (c) 250 × 250 µm2 of a single domain of MOP4-
fibers grown on mica at a substrate temperature of TS = 335 K. (a) demonstrates the
occurrence of a lateral instability, which occurs if the needles are wider than approximately
700 nm. In (b) a subnanometer step (stepheight 0.8 nm) on the surface is clearly visible,
attributed to two steps within a wetting layer of lying molecules. The nominal thickness
for all images is 4 nm. In (c) the muscovite crystallographic directions [1 0 0] and 〈1 1 0〉
are emphasised. From [4].

Small clusters are located in between the needles, which are belived to be needle pre-
cursors [66, 67]. Around the fibers a depletion zone of several hundred nanometers up to
a few micrometers exists, which is larger than the depletion zone around p6P fibers. This
indicates a higher mobility of molecules and clusters on the surface in case of MOP4. The
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effect of surface mobility becomes more evident if one compares the growth for different
substrate temperatures. For lower surface temperatures such as TS = 300 K the fibers
are more densely packed and the mean height decreases to about 40 nm instead of being
around 60 nm high for TS = 335 K. Also the mean length decreases significantly down to
few ten nanometers. The lateral instability for wider needles (width > 700 nm) is retained
for the lower surface temperatures. Fig.4.4 shows needle growth for an increasing amount
of organic material deposited at TS = 300 K. Initially short needles are formed, followed
by a closely-packed film of short fibers.

Fig. 4.4: AFM images (10 × 10 µm2, height scales 75 nm) of MOP4 grown on muscovite
mica at TS = 300 K. From (a) to (c) the nominal thickness of deposited organic material
increases from 1 nm, over 2 nm, to about 6 nm. From [4].

The fibers form two domains on a single mica sample, which are mutually rotated by
120°. The orientation of the needles with respect to the structurally different muscovite
high symmetry directions [1 0 0] and 〈1 1 0〉 can be obtained with an uncertainty of ±3°
from a Schlagfigur. In this manner it is found out that the mean growth direction of
the fibers is always along muscovite 〈1 1 0〉 and never along [1 0 0] (Fig.4.3(c)). So again
the surface electric fields allow one out of three otherwise equivalent crystallographic
orientations to be distinguished from the others in favour of dipole induced dipole aligned
growth. This is typically not only for p6P (see previous chapter) and MOP4, but for all
other functionalised p-quaterphenylenes and will be assumed as a known feature in the
following sections. A special feature for MOP4 is that within each domain two orientations
with an angle of about 14° in between are visible: The nanofibers are regularly bent every
few ten micrometers to form kinks. They are oriented at ±7° (experimental error ±3°)
with respect to muscovite 〈1 1 0〉. A possible explanation for the two orientations within
a single domain considers an epitaxial relationship with the substrate: Needles with the
same crystallographic orientation can be mirrored along the high symmetry direction. Or
two types of needles exist with different crystal faces being parallel to the substrate.

The dichroic ratio of the polarised light is close to one and even higher than in case
of p6P nanofibers, therfore the fluorescence is used to elucidate the two different needle

28



4.2 Symmetrically functionalised para-Quaterphenylenes

Fig. 4.5: (a) Fluorescence microscopy image (70 × 70 µm2) of MOP4 needles shows the
two different needle orientations within one domain. The red arrows mark the polarisation
direction, i.e. the transition dipoles of the molecules. (b) Angular distribution of MOP4
needles on muscovite mica. The mica crystallographic directions 〈1 1 0〉 and [1 0 0] are
depicted by dashed vertical lines. (c) For the two needle directions around 90° the polarised
fluorescence intensity after unpolarised UV excitation is plotted. Circles correspond to a
needle from distribution a, triangles to a needle from distribution b; the solid lines are
cos2 fits. Luminescence maxima c and d show an asymmetric offset with respect to the
directions perpendicular to the long fiber axes, a⊥ and b⊥, emphasised by the coloured
areas. From [4].

orientations. The molecular arrangement determines the optical properties. The lowest
lying transition dipole of the molecules is oriented along their long molecular axis, i.e.
blue fluorescence light is polarised along this long molecular axis. The polarisation is
almost perpendicular to the long fiber axes. This indicates that the molecules are lying
with their long axes almost perpendicular to the long fiber axes. Each fiber direction has
its own polarisation direction, i.e. two polarisation directions exist. On the left-hand side
of Fig.4.5 a fluorescence microscopy image of MOP4 fibers is shown and the polarisation
directions for needle representatives of the two orientations within one domain are marked
by red arrows. On the right-hand side of Fig.4.5 the angular distributions of the fluores-
cence intensity after unpolarised UV excitation for needles from orientations a and b are
depicted by circles and triangles, respectively, together with cos2 fits representing Malus
law (see Chapter Experimental). In the middle of Fig.4.5 the orientational distribution of
needles is presented. The two orientations a and b of MOP4 needles on muscovite mica
are shown with respect to the high symmetry directions. The dashed lines picture the
mica crystallographic directions. The a⊥ and b⊥ directions are perpendicular to a and b,
repectively. For orientation a the angle between its fluorescence maximum c and a⊥ is
6 (a⊥, c) = (8±4)°, whereas for orientation b the angle between the fluorescence maximum
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d and b⊥ is 6 (b⊥, d) = (15 ± 4)°. This means that the polarisation direction of the light
for the needle orientation a is along the mica high symmetry direction 〈1 1 0〉. For the
needle direction b the polarisation direction is rotated by an angle of (8±4)° with respect
to 〈1 1 0〉. Thus, although the fiber orientations within a single domain are symmetrically
distributed around 〈1 1 0〉, their optical polarisation properties are slightly different. Due
to this asymmetry it can be proposed that the two needle directions reflect two crystallo-
graphically different needles either two different contact faces or two different polymorphs.

A wetting layer has been postulated for p6P on muscovite from LEED patterns [63] as
well as from thermal desorption spectroscopy [69]. In case of MOP4 a direct evidence for
its existence is shown by means of atomic force microscopy for the first time. In Fig.4.3(b)
a 0.8 nm tall step running almost along the fiber direction is clearly imaged. Steps with
a height of 0.4 nm can be found as well. On the plain mica surface steps are 1 nm tall.
Also subnanometer-steps have been reported, but attributed to potassium cations [162].
These steps vanish within minutes after cleavage.

Fig. 4.6: (a) Simulated LEED pattern [163] of muscovite mica (hollow cicles) with
organic overlayer (filled circles). (b) LEED pattern (electron energy E = 111 eV) of
MOP4 deposited on muscovite mica at TS = 335 K. Bright spots stem from the muscovite
substrate, whereas the weak stripes, running from top left to bottom right through the
spots, are due to the organic overlayer. (c) Model for the orientation of molecules within
a fiber.

Optical microscopy as well as atomic force microscopy are real space methods for charac-
terisation of nanofiber-samples ex situ under ambient air conditions. Diffraction methods
provide additional information about order and symmetry of the sample. Here the diffrac-
tion of low energy electrons (LEED) is used to characterise the organic nanoaggregates
in situ immediatly after growth. In the LEED diffraction pattern (Fig.4.6(b)) both the
hexagonal pattern from the mica substrate as well as a weak superstructure from the or-
ganic molecules are visible. This superstructure consists of weak parallel stripes running
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from top left to bottom right through the bright diffration spots from the mica substrate.
A simulated LEED pattern of a single domain of muscovite mica with lying p4P molecules
as organic overlayer is shown in Fig.4.6(a), which is similar to the measured pattern of
MOP4 reproducing the main features. Because almost identical LEED patterns have been
described for the case of p4P on muscovite mica [68], this pattern is attributed to lying
molecules on the surface with their long molecular axes approximately perpendicular to
the long fiber axes. Only a small fraction of the surface area is covered by nanoaggre-
gates, therefore the observed LEED patterns are accredited to a wetting layer of lying
MOP4-molecules on the surface. The lateral orientation of these molecules is similar to
the orientation of the molecules within the nanoaggregates, i.e. perpendicular to the nee-
dle direction. This is revealed by a careful comparison of the LEED pattern with optical
microscope images from the same sample, and it is in accordance with the results from
analysing the fiber´s polarisation properties as discussed above. The relatively diffuse
diffraction features might be related to different molecule orientations within the wetting
layer.

4.2.2 Di-Chloro-p-Quaterphenylene (CLP4) [5, 6]

Vapour deposition of CLP4 on muscovite mica leads to formation of mutually aligned
nanostructures. In a fluorescence microscope they emit polarised blue light after excitation
with UV light from a high-pressure mercury lamp (Fig.4.7).

Fig. 4.7: Fluorescence microscopy images (85 × 113 µm2, λexc = 365 nm) of CLP4
aggregates, film thickness 9 nm, on muscovite mica for increasing substrate temperatures:
(a) 300 K, (b) 320 K, (c) 340 K, (d) 360 K, (e) 370 K.
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Again length, width and height depend on the substrate temperature during deposition
as found for p6P and MOP4, too. But the temperature additionally has a pronounced
influence on the aggregates´ shape. For substrate temperatures close to room temperature
the nanostructures consist of straight needles and up to 500 nm tall aggregates of µm2

area (low temperature case). These are usually situated at the end of fibers and form
star-shaped entities. The mean height of the needles increases with substrate temperature
from 80 nm to 150 nm, but the number of star-shaped entities decreases with temperature,
until from TS ∼ 360 K on mostly parallely oriented needles with homogeneous heights
form (high temperature case). For somewhat higher substrate temperatures (TS = 400
K) no nanofibers are obsorved at all. Fig.4.7 shows fluorescence microscopy images from
five samples grown at different substrate temperatures and Fig.4.8 corresponding atomic
force microscopy images.

Fig. 4.8: Atomic microscopy images (80 × 80 µm2, height scales 150 nm) of CLP4
aggregates on muscovite mica, film thickness 9 nm, for increasing substrate temperatures:
(a) 300 K, (b) 320 K, (c) 340 K, (d) 360 K, (e) 370 K.

The number density N of the aggregates decreases with increasing substrate temper-
atures for constant nominal film thicknesses from N = 3.3 · 107 cm−2 for a substrate
temperature close to room temperature down to N = 1.2 · 106 cm−2 for TS = 370 K,
whereas the mean length of individual aggregates increases from about 1 µm to 10 µm
with single fibers up to 30 µm, Fig.4.9.
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Fig. 4.9: (a) Number density N of CLP4 aggregates on mica as a function of the recip-
rocal substrate temperature 1/TS for samples with film thicknesses of 2 nm (circles), 5
nm (triangles), and 9 nm (squares). Straight lines depict linear regression for the different
sample thicknessess. The inset shows the thickness dependence of N for TS = 310 K. The
length distribution of needles for deposition (b) at room temperature, and (c) at TS = 370
K demonstrates a strong increase of needle length with TS. The black bars correspond to
a nominal film thickness of 2nm, the grey bars to 9 nm of deposited CLP4. From [5].

As a function of substrate temperature TS during deposition an Arrhenius type be-
haviour for the aggregate number density N has been observed, N ∝ exp (EN/kTS) with
an activation energy EN ≈ 0.56±0.1 eV, cf. the linear regression in Fig.4.9(a). A similar
value being in order of few hundred meV has been found e.g. for sexithiophene islands
on mica [164]. For homogeneous nucleation such a behavior has been predicted in the
literature, with the activation energy EN being a function of characteristic energies like
the energies for adsorption and diffusion and of the critical nucleus size of the system
[165]. Similar to the case of p6P the needles are presumably not the initial aggregates
formed. Three dimensional clusters in between the needles have been observed in AFM
images for the CLP4 samples grown at elevated substrate temperatures. Needles probably
grow by agglomeration of such clusters [166]. However, for a reasonably homogeneous size
distribution of the needles the needle density should still somewhat reflect the distribution
of the primary islands.

It can clearly be distinguished between a low temperature and a high temperature case.
For both cases the number density of aggregates increases with increasing film thicknesses
up to a nominal thickness of 5 nm, beginning to saturate afterwards. For temperatures
close to room temperature, the low temperature case, the dominating effect is a strong
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Fig. 4.10: Atomic microscopy images (80 × 80 µm2, height scales 120 nm) of CLP4
aggregates on muscovite mica for increasing nominal film thicknesses: (a) 2 nm, (b) 5 nm,
(c) 9 nm. Substrate temperature during deposition was 340 K. From [5].

Fig. 4.11: For three different substrate temperatures, left TS = 300 K, middle 340 K
and right 360 K, distributions of needle orientations obtained from AFM and fluorescence
microscope images are shown. The vertical lines at ∆φ = 0◦ indicate the 〈1 1 0〉 mica
orientation. Within the experimental error of ±3◦ the main needle direction is along
muscovite 〈1 1 0〉, with two additional directions at ∆φ = ±11◦ at low deposition temper-
atures. The solid lines are Gaussian fits to the experimental distributions (FWHM = 6◦).
From [5].

increase in height of the star-shaped entities reaching heights up to 500 µm for 9 nm
nominal film thickness. Fibers increase only slightly in lengtg with a mean length below
2 µm. Also for higher temperatures the increase in length with increasing nominal film
thicknesses is marginal. Newly deposited organic material mainly augments the number
density and the height of the needles, Fig.4.10 and inset Fig.4.9(a). Obviously an ap-
propiate substrate temperature is more efficient in producing long fibers than the overall
film thickness. The high temperature case is favourable if one aims at straight, parallelly
aligned nanoneddles.
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4.2 Symmetrically functionalised para-Quaterphenylenes

Not only the shape, but also the mutual alignment of the CLP4 fibers strongly depends
on the growth temperature. For the low surface temperature case the needles exhibit three
orientations within one domain (Fig.4.7(a),(b) and Fig.4.8(a),(b)). Needles grow along
〈1 1 0〉 and along two directions about ∆φ = ±11◦ off 〈1 1 0〉, the off-needles. For increased
substrate temperature during deposition the number of off-needles decreases (Fig.4.7(c)
and Fig.4.8(c)), until almost all needles form along 〈1 1 0〉 at TS ≥ 350 K (Fig.4.7(d),(e)
and Fig.4.8(d),(e)).

Fig. 4.12: CLP4 on muscovite mica: substrate temperature during deposition TS = 320
K, image sizes 113 × 85 µm2 (a) fluorescence microscopy image and (b) combination of
darkfield and fluorescence microscopy image; substrate temperature during deposition TS

= 340 K, image sizes 160 × 120 µm2 (c) fluorescence microscopy image and (d) combi-
nation of darkfield and fluorescence microscopy image. The AFM image (e) (5 × 5 µm2,
height scale 100 nm; TS = 340 K) shows the detailed morphology of the brighter fluores-
cent off-needles and the 〈1 1 0〉-needles. The angle βMol is the relative angle between plane
of polarisation and needle direction (see text for details). The fluorescence microscopy
image (f) (55 × 55 µm2) shows CLP4-fibers from the high surface temperature case, TS

= 370 K.

The overall fluorescence intensity for normal incidence observation is different for the
〈1 1 0〉-needles and for the off-needles. Fibers exactly along 〈1 1 0〉 emit three to four times
less fluorescence per unit length than the off-direction fibers. Combining fluorescence
and darkfield imaging visualises clearly both needle types. For a substrate temperature
during deposition of 320 K, the low surface temperature case, the off-fibers dominate the
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fluorescence microscopy image (Fig.4.12(a)). The combined fluorescence and darkfield
image (b) shows, that the less fluorescent aggregates consist of comparatively short 〈1 1 0〉-
fibers ending partially in star-shaped entities. For a slightly higher substrate temperature,
namely TS = 340 K, the number of off-fibers decrease. The 〈1 1 0〉-fibers dominate the
sample with increased length compared to the ones for the low temperature case. Hardly
any star-shaped entities are visible (Fig.4.12(c),(d)).

However, the polarisation dependence of the emitted light after excitation under normal
incidence and under normal observation shows no difference for the two needle types. Both
for the 〈1 1 0〉-needles as well as for the off-needles the angular distribution of fluorescence
can be fitted by Malus law (see Chapter Experimental) and shows a maximum in intensity
for light polarised perpendicular to 〈1 1 0〉 ±3°, i.e. perpendicular to the needle direction
for the 〈1 1 0〉-needles (βMol = 90◦) and at βMol = 77◦ ± 5◦ for the off-needles (Fig.4.12).
Assuming a herringbone packing of the molecules, different angles βMol can easily be
explained by different contact faces of the bulk like needles with the substrate. For lying
molecules with the (1 0 0) contact plane (or similar planes with just different tilt angles
of the molecules with respect to the substrate) a value of βMol = 90◦ would result, for the
(1 1 0)-type of planes βMol = 76◦, i.e. the observed values. For p6P these two needle types
have indeed been observed [38, 58].

An AFM image of an off-needle and of two 〈1 1 0〉-needles (Fig.4.12(e)), discloses that
the two fiber types have quite different morphologies. The 〈1 1 0〉-needles are straight
and show clear facets, whereas the off-needles have a rugged morphology. Heights and
widths, however, are similar to the straight fibers. The reason for the higher luminescence
efficiency therefore is not due to more material within the needle, but might result from a
different crystal structure with the same lateral orientation of the molecules with respect
to the substrate. This would, e.g., imply that the molecules are more parallel to the
substrate for the rugged than for the straight fibers.

Another possible explanation are different waveguiding and light scattering properties
for the two needle-types. The 〈1 1 0〉-fibers from the high surface temperature case exhibit
brightly fluorescent spots within the fibers and at the endings (Fig.4.12(f)). The bright
spots within a fiber originate from breaks, which can be clearly seen by atomic force
microscopy. In case of p6P it has been demonstrated, that the fibers act as waveguides
[46–48] and the light is scattered at breaks within the fiber. According to this the 〈1 1 0〉-
needles from the CLP4 are believed to show pronounced waveguiding phenomena. The
generated fluorescence light upon UV-excitation can be kept inside the well shaped fiber
and waveguided to breaks and endings before it is scattered. Therefore only spots appear
very bright whereas the main body of the fibers seem to be less fluorescent. The off-needles
may not function as waveguides due to inhomogenity of the fiber‘s shape. Generated
fluorescence light can be scattered at every unevenness, light is not kept within the fiber.
So rugged off-needles exhibit a homogeneously fluorescence intensity along the whole fiber.
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4.2.3 Di-Cyano-p-Quaterphenylene (CNP4)

Deposition of di-cyano functionalised p-quaterphenylene CNP4 onto a freshly cleaved
muscovite mica substrate leads to formation of diverse structures within a single domain.
Beside mutually aligned fiber-like structures aggregates with increased heights are visible
with a shape that reminds of swallow wings. According to the here shown images for
a substrate temperature TS = 300 K and film thickness 8 nm, the fibers have a mean
length of about 8 µm as well as a typical width of several 100 nm, and height up to 100
nm. A single swallow wing exhibits a mean length of 4 µm and a width in the same
dimension as the fiber-like structures but the height is up to 200 nm, i.e. about twice as
high compared to the fibers. The fibers grow along the 〈1 1 0〉 muscovite direction whereas
the swallow wings grow along 〈1 1 0〉 (but rotated by 120° with respect to the fibers) as
well as along [1 0 0]. CNP4 is the only one among the functionalised p-quaterphenylenes
tested so far, which shows not only growth along both muscovite 〈1 1 0〉 directions within
a single domain but also along muscovite [1 0 0].

Fig. 4.13: Fluorescence microscopy images (λ(exc) = 365 nm) of CNP4 on muscovite
mica for different nominal film thicknesses and substrate temperatures: (a) 4 nm, (b) 8
nm, both TS = 300 K, 113 × 85 µm2, and (c) TS = 360 K, 56 × 42 µm2, 8 nm.

Both nanofiber types emit polarised blue light in the fluorescence microscope with
the polarisation vector pointing in the same direction, i.e. almost perpendicular to the
long axes of the 〈1 1 0〉 fibers. Since the molecular orientation determines the polarisation
properties the oligomers are orientated in the same direction for the fibers and the swallow
wings. That way the different aggregates reflect different crystallographic properties,
either varying crystal structures or varying crystal faces being parallel to the substrate.
However, the fluorescence light is always polarised almost perpendicular to the grooved
muscovite 〈1 1 0〉, which means that the oligomers orientate with their long molecular
axes along the surface electric fields. Two different domains are visible on a single sample,
mutually rotated by 120°.

The shape of the nanostructures is not strongly dependent on the growth temperature,
i.e. over the whole tested substrate temperature range fibers and swallow wings are
visible. First for lower coverages the fibers along grooved muscovite 〈1 1 0〉 form, only
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Fig. 4.14: Atomic force microscopy images of CNP4 on muscovite mica for different
substrate temperatures: (a) TS = 300 K, (b) TS = 310 K, 5 nm, and (c) TS = 320 K, 8
nm film thickness; all 20 × 20 µm2, height scales 160 nm.

a few swallow wings are visible. For increasing film thicknessess the number of swallow
wings increases (Fig.4.13). The swallow wings show brighter fluorescence due to more
organic material since they are significantly higher than the fibers.

For the same nominal film thickness but higher substrate temperature the nanostructure
of both types are significantly shorter. The decrease in length is more pronounced for the
〈1 1 0〉 fibers. According to only the AFM images Fig.4.14 the mean length decreases from
about 8 µm (TS = 300 K), over about 5 µm (TS = 310 K), to about 3 µm (TS = 320 K).
Interestingly in cases of p6P, MOP4 and CLP4 an increase of substrate temperature (up
to a certain maximun) leads to longer nanofibers!

Due to the reduced mean length the same number of nanoaggragates (fibers and swallow
wings) is on the same area, i.e. the aggegate number density N is the same for Fig.4.14(a),
TS = 300 K and Fig.4.14(b), TS = 310 K, namely 1.1 × 107 cm−2 (both 5 nm film
thickness). N increases slightly for Fig.4.14(c), TS = 320 K to 1.3 × 107 cm−2 because of
more deposited organic material (8 nm film thickness). Experimental error is ±0.2 × 107

cm−2.

4.2.4 Di-N,N-Dimethyl-Amino-p-Quaterphenylene (NMeP4)

Vapour deposition of NMeP4 on muscovite mica at elevated substrate temperatures results
in the formation of well shaped nanoaggregates. Again their shape is strongly dependent
on the subtrate temperature during deposition. In this case, however, the low temperature
case, TS = 340 K, leads to the needle-like aggregates in opposition to CLP4, which needs
the high substrate temperature case for generating parallely orientated nanofibers.

The low temperature nanofibers from NMeP4 look slightly bent like worms, Fig.4.15(a).
They posses a mean length of about 10 µm as well as a typical width of a few 100 nm and
height of several 10 nm, respectively. The growth direction is along muscovite 〈1 1 0〉 as

38



4.2 Symmetrically functionalised para-Quaterphenylenes

Fig. 4.15: Fluorescence microscopy images of NMeP4 on muscovite mica for different
substrate temperatures: (a) TS = 340 K, 7 nm (b) TS = 380 K, 10 nm, and (c) TS = 400
K, 10 nm; all 56 × 42 µm2.

usual. In between the nanoworms small poorly fluorescent aggregates are visible. Atomic
force microscopy images reveal (Fig.4.16(a)) that the space between the nanoworms is
densely filled with small, elongated clusters. These hardly fluoresce due to their littleness
compared to the nanoworms.

Fig. 4.16: Atomic force microscopy images of NMeP4 on muscovite mica for different
substrate temperatures: (a) TS = 340 K, 7 nm, 15 × 15 µm2, height scale 120 nm (b) 35
× 35 µm2, and (c) 5 × 5 µm2, both TS = 400 K, 10 nm, height scale 220 nm.

For higher substrate temperatures, TS = 380 K, the medium temperature case, the
nanoaggregates look similar to pollywogs, Fig.4.15(b), oriented along muscovite 〈1 1 0〉.
For increasing nominal film thicknesses the pollywogs gain clearly in length, height and
width according to Fig.4.17. The mean length starting from about 2 µm (film thickness
2 nm) increases over 4 µm (film thickness 4 nm) to about 8 µm (film thickness 10 nm),
Fig.4.18(a). The nanostructures possess heights of about 100 nm (film thickness 2 nm),
120 nm (film thickness 4 nm) and 140 nm (film thickness 10 nm) respectively, Fig.4.18(b).
The width can be more than 1.5 µm. For nanostructures wider than about 800 nm, the
top surface is flat and even.

For substrate temperatures around 400 K, the high temperature case, the nanoaggre-
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Fig. 4.17: Atomic force microscopy images of NMeP4 on muscovite mica (TS = 380 K)
for different nominal film thicknesses: (a) 2 nm, 20 × 20 µm2 (b) 4 nm, 25 × 25 µm2 and
(c) 10 nm, 25 × 25 µm2; height scales 100 nm.

Fig. 4.18: Statistics on the medium temperature case, TS = 380 K, of NMeP4´s nanoag-
gregates: (a) mean length, (b) mean width, and (c) aggregate number density N according
to Fig.4.17.

gates look like flakes. They are well separeted and hardly prefer any growth direction.
But the flakes show the same polarisation properties as the fiberlike nanostructures indi-
cating a highly crystalline structure. The flakes reach size of about 3 × 3 µm2 and about
200 nm in height. The top-surface is exceedingly flat and even exhibiting few well shaped
steps with a height of a few ten nanometer.

Only for the low temperature case, TS = 340 K, elongated clusters are visible between
the nanoworms. For higher substrate temperatures these clusters seem to be eaten up by
the nanoaggregates due to increased surface mobility at elevated temperatures. The high
temperature case shows regular patterns of flake-like islands with a diameter of several ten
nanometer (not visible in the AFM-images shown here). A step-height of 2.5 nm indicates
upright standing molecules on the surface. In contrast the elongated clusters are built up
of lying molecules because they show fluorescence.

However, the generation of well defined nanostructures from NMeP4 demonstrates, that
even the comparatively bulky and highly polar N ,N -dimethyl amino group is accepted
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within the growth process. A strong dependence of the nanostructures‘ morphology on
the substrate temperature during deposition is observed similar to CLP4. Interestingly
the low temperature case leads to formation of elongated nanofibers (i.e. nanoworms) in
case of NMeP4 opposite to CLP4 with the high temperature case being favourable for
generating parallely aligned nanofibers. Since also p6P and MOP4 form longer nanofibers
for increasing substrate temperatures (up to a certain limit), the behaviour of NMeP4 can
be described as inverted temperature dependence. Interestingly this has also been observed
for CNP4´s nanostructures. Such behaviour is contrary to basic nucleation theory [167],
which predicts larger and more separated crystallites for higher substrate temperatures,
as long as no degradations of the entire aggregates takes place, as described in detail for
p6P on muscovite mica [63, 69].

4.2.5 Di-Amino-p-Quaterphenylene (NHP4)

The di-amino functionalised p-quaterphenylene NHP4 self-assembles into mutually aligned
fiberlike nanostructures.

Fig. 4.19: Fluorescence microscopy images of NHP4 on muscovite mica for different
substrate temperatures and film thicknesses: (a) TS = 380 K, 4nm, (b) TS = 400 K, 10
nm, and a darkfield microscopy image (c) TS = 430 K, 6 nm; all images 113 × 85 µm2.

For relativly low substrate temperatures, TS = 380 K short, wormlike aggregates with a
length of only a few micrometer form with clusters in between (Fig.4.19(a)). These NHP4
nanoworms look very similar to the low temperature NMeP4 nanoworms (see above). The
clusters in between vanish at elevated substrate temperatures, TS = 400 K in favour of the
wormed, fiberlike structures (Fig.4.19(b)). Further increase in substrate temperature leads
to well separated parallely aligned nanofibers with a length up to 10 µm (Fig.4.19(c)).

Compared to NMeP4, which possesses an amino group with the hydrogen substituted by
methyl groups, the temperature dependence of the growth of NHP4 (unsubstituted amino
group) is completely different: The shape of the nanostructures of NHP4 is not strongly
depending on the growth temperature, i.e. no different temperature cases are visible.
Only the normal temperature dependence is existent, i.e. the nanostructures show better
mutual alignment and enhanced fiber growth for increasing substrate temparatures up to
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a certain limit. The fiberlike nanostructures from both differently amino functionalised
oligomers look rather similar for relatively low substrate temperatures: nanoworms are
formed with clusters in between.

Another pronounced discrepancy for the two differently amino functionalised oligomers
is the fluorescence behaviour. The nanostructures from NHP4 show hardly fluorescence in
contrast to all previously discussed nanoaggregates. The fluorescence after excitation with
UV light from a high pressure mercury lamp (λexc = 365 nm) vanishes within seconds
and in doing so the fluorescence colour changes from blue to green (cf. Fig. 4.19).
This phenomenon of fluorescence quenching could be due to intramolecular interactions
between the hydrogen of the amino group and the aromatic system of the phenyl rings,
or due to intermolecular hydrogen bonding of adjacent amino groups. This has to be
clarified in the future. Quenching might not be the proper description, because this
quick bleaching of the fluorescence is not reversible. Therefore structure changes on the
molecular level are supposed to happen. However, this problem of fluorescence quenching
is well known for naphthalene bisimide dyes core-substituted with arylamines: Formation
of intramolecular hydrogen bonding to a neighbouring carbonyl group is considered to
be the pathway for radiationless deactivation of the excited state. To avoid this problem
alkyl amines [168] and amino-linked benzyl groups [169], respectively, have been attached
sucessfully to the naphthalene core leading to a strong, tunable fluorescence.

Fig. 4.20: Atomic force microscopy images of NHP4 on muscovite mica (TS = 430 K, 6
nm film): (a) 20 × 20 µm2 (b) 5 × 7.5 µm2; height scales 150 nm.

The morphology of the fiberlike nanostructures can be seen in more detail by means of
atomic force microscopy in Fig.4.20. They are rounded in shape possessing a width of a
few hundred nanometer, height up to 200 nm, and length up to 10 µm. The space between
the well separated fibers for high substrate temperatures, TS = 430 K, is covered by a
large number of islands with diameters of several ten nanometers or a few micrometer,
respectively. The height of these islands is 2.5 nm or sometimes 5 nm for the less expanded
islands indicating upright standing molecules on the surface.
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4.2.6 Di-Nitro-p-Quaterphenylene (NOP4)

The yellow coloured nitro functionalised p-quaterphenylene oligomer NOP4 forms well
shaped nanostructures upon vapour deposition. For relatively high substrate tempera-
tures (TS = 370 K) nanofibers with length of several ten micrometer as well as elongated
clusters are visible, oriented along muscovite 〈1 1 0〉 as usual.

Fig. 4.21: NOP4 on muscovite mica, TS = 370 K, film thickness 10 nm: (a) darkfield
microscopy image, (b) combined darkfield and fluorescene microscopy image, and (c)
fluorescence microscopy image; all images 113 × 85 µm2.

The nanostructures are non-fluorescent due to the nitro group. In general, fluores-
cence of aromatic hydrocarbons possessing a nitro substituent is not detectable [170]. For
the nitro group the n → π transition is the lowest lying. Such transitions have dom-
inant non-radiative de-excitation processes, which lead to low fluorescence efficiency or
even quenching. Because of the existence of a low-lying n → π transition the efficiency
for intersytem crossing processes is increased. Therfore many nitro-aromatics, e.g. 2-
nitronaphthalene, are phosphorescent. But this is not the case for NOP4. Interestingly
some small clusters are green fluorescent.

Fig. 4.22: Fluorescence microscopy images of NOP4 on muscovite mica, TS = 330 K,
6 nm film, of the same area on the sample for increasing illumination times (λexc = 365
nm): (a) 0 sec, (b) 20 sec, (c) 40 sec, and (d) 60 sec; all images 95 × 95 µm2.

For relatively low substrate temperatures (TS = 330 K) nanofibers look irregular and
slightly shorter. In between the fibers a few clusters and an almost closed, weakly green
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fluorescent film are visible. Sometimes the film is interrupted by islands of upright stand-
ing oligomers on the surface, which appear black in the fluorescence microscopy images
(Fig.4.22). Upon irridiation with UV light from a high pressure mercury lamp (λexc

= 365 nm), the weak green fluorescence of the film and the clusters vanishes within a
minute. Only the nanofibers remain weakly yellow fluorescent. This quick bleaching can
be due to changes in the chemical constitution of the molecules. It is known that nitro-
aromatics undergo photodegradation. For instance, 9-nitroanthracene is transformed into
anthrachinone upon irradiation [170].

However, even this highly polar nitro substituent is accepted within the growth process
leading to fiberlike nanostructures. The fluorescence properties are dominated by the
influence of the nitro group.
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4.3 Mono functionalised para-Quaterphenylenes

4.3.1 1-Methoxy-p-Quaterphenylene (MOHP4)

Since the methoxy group emerged as a well suited functional group in the previous growth
studies, MOHP4 was considered as a promising oligomer, too. But the resulting nanoag-
gregates turned out to be comparatively short and less well aligned, but anyhow they
show blue luminescence after excitation with UV-light (λexc ≈ 365 nm).

Fig. 4.23: Fluorescence microscopy images (λexc ≈ 365 nm) of MOHP4 on muscovite
mica: (a) 113 × 85 µm2, 2 nm, (b) 80 × 60 µm2, 4 nm, and (c) 97 × 73 µm2, 6 nm.

Fig.4.23 shows fluorescence microscopy images for a fixed substrate temperature (TS =
340 K) and increasing nominal thicknesses of MOHP4: 2 nm, 4 nm and 6 nm. The nanos-
tructures gain length up to a few ten micrometer, Fig.4.24(a), and width for increasing
coverages. The aggregate number density does not change significantly, Fig.4.24(b).

Fig. 4.24: (a) Length distribution and (b) aggregate number density for deposition at
TS = 340 K and for different film thicknesses of MOHP4. Solid lines in (a) Gaussian fits,
in (b) to guide the eye.

As far as one can conclude from the fluorescence microscopy images, the nanofibers
exhibit an unsteady shape. AFM-images, Fig.4.25 show that the structures are built up
of smaller elongated aggregates, which assemble to form a fiberlike structure, the nano-lego
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phenomenon. Sometimes nano-branches are visible similar to the low surface temperature
case for the MOCLP4 (see next section).

Fig. 4.25: AFM-images of MOHP4 on muscovite mica, TS = 340 K, nominal film thick-
ness 6 nm. left: 35 × 35 µm2, height scale 118 nm, right: 12 × 15 µm2, height scale 155
nm.

4.3.2 1-Chloro-p-Quaterphenylene (CLHP4)

Next CLHP4 has been vapour deposited, while the substrate temperature was kept at
360 K.

Fig. 4.26: Fluorescence microscopy images (λexc ≈ 365 nm) of CLHP4 on muscovite
mica for different nominal film thicknesses (TS = 360 K): (a) 60 × 45 µm2, 4 nm, (b) 60
× 45 µm2, 8 nm, and (c) 56 × 42 µm2, 12 nm.

The fluorescence microscopy images, Fig.4.26, show the resulting parallel aligned nano-
fibers for increasing nominal film thicknesses of CLHP4: 4 nm, 8 nm and 12 nm. The
length of the fibers is about the same for all thicknesses namely a few ten micrometer,
Fig.4.27(a). The aggregate number density N is about the same for all film thicknesses,
too, Fig.4.27(b), whereas in case of the symmetrically functionalised oligomer with two
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chloride groups for the same substrate temperature (TS = 360 K) N increases significantly
and saturates for high coverages.

Fig. 4.27: (a) Length distribution and (b) aggregate number density for deposition at
TS = 340 K and for different film thicknesses of CLHP4. Solid lines in (a) Gaussian fits,
in (b) to guide the eye.

The width of the CLHP4 nanofibers increases with increasing coverage and the well
separated fibers get more densely packed. Widening of the fibers associates with getting
more inhomogeneous in shape. This can be seen in more detail by means of atomic force
microscopy (Fig.4.28, Fig.4.29).

Fig. 4.28: AFM-images of CLHP4 on muscovite mica, substrate temperature TS = 360
K. left: 30 × 30 µm2, height scale 110 nm, nominal thickness 4 nm; enlarged extract: 3 ×
1.7 µm2, height scale 160 nm; right: 30 × 30 µm2, height scale 200 nm, nominal thickness
12 nm.

For low coverages (film thickness 4 nm) the fibers are well separated, parallel aligned and
rounded in shape. The height is about 100 nm and width about 600 nm. Sometimes breaks
within a fiber are visible, which appear as bright spots in the fluorescence microscopy
images. As for p6P the fibers act as distinct waveguides [46–48] and the light is scattered
at breaks within the fiber.
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Fig. 4.29: AFM-images of single fibers from CLHP4 on muscovite mica (TS = 360 K)
for increasing nominal film thicknesses: left: height scale 110 nm, 4 nm (fiber length 12
µm); middle: height scale 160 nm, 8 nm (fiber length 22 µm); right: height scale 210 nm,
12 nm (fiber length 18 µm).

For higher coverages (nominal thickness 8 nm) the fibers gain height and width and
become more peaked and irregular reminding one of carnivore teeth. The height is now
up to 250 nm and the width up to 1 µm. Going to higher coverages (film thickness 12
nm) does not increase height and width of a single fiber, but new fibers grow in very close
distance (few nanometer) to the former fibers. Under the fluorescence microscope this
looks like kind of unsteady broadening of the nanoaggregates. This can also be called
nano-lego phenomenon similar to MOHP4 (see above), but the CLHP4 aggregates are
superiorly shaped and aligned.

Unfortunately, no temperature dependence of the nanostructures´s shape have been
studied, yet. This will be part of future experiments, since the oligomers functionalised
with chloride groups – CLP4 see section above, and MOCLP4 see section below – assemble
to morphologically different structures strongly depending on the growth temperature.

4.3.3 1-N,N-Dimethyl-Amino-p-Quaterphenylene (NMeHP4)

NMeHP4 has been deposited on a freshly cleaved as well as on a non-cleaved muscovite
mica substrate. The substrate temperature was kept at 340 K during deposition for both
samples. Fig.4.30 shows fluorescence microscopy images of NMeHP4 on the freshly cleaved
muscovite mica sample for three different nominal thicknesses: 2 nm, 4 nm and 6 nm.

The fiberlike nanostructures are slightly bent (wormlike) but still mutually aligned,
similar to the di-functionalised oligomer NMeP4. The length of the nanofibers increases
with increasing coverages from several micrometer up to a few ten micrometer, Fig.4.31(a).
The aggregate number density is similar for the three coverages at TS = 340 K, Fig.4.31(b).

The nanofibers taper off at the endings. As far as one can conclude out of the increase
of fluorescence intensity the fibers gain in height as well. This is proven by atomic force
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Fig. 4.30: Fluorescence microscopy images (λexc ≈ 365 nm) of NMeHP4 on muscovite
mica (freshly cleaved), TS = 340 K nominal film thicknesses: (a) 2 nm, (b) 4 nm, and (c)
6 nm; image sizes 56 × 42 µm2.

Fig. 4.31: (a) Length distribution and (b) aggregate number density for deposition at
TS = 340 K and for different film thicknesses of NMeHP4. Solid lines in (a) Gaussian fits,
in (b) to guide the eye.

microscopy (Fig.4.32): For low coverage (nominal thickness 2 nm) the nanofibers possess
heights and widths of about 80 nm and 400 nm, respectively, and they increase in height
to about 160 nm and in width to 500 nm for higher coverage (nominal thickness 6 nm).
The shape of the cross-section is rounded.

The importance of using a freshly cleaved muscovite mica substrate for generating
nanofibers can be deduced from Fig.4.33: If NMeHP4 is deposited on a non-cleaved mus-
covite mica substrate the nanostructures look different. Only a freshly cleaved muscovite
mica substrate has a polar, hydrophilic surface with a high surface energy [171]. For
older substrates the surface changes to hydrophobic and looses surface energy. Depo-
sition of p6P onto a water-treated muscovite mica substrate leads to formation of mi-
crorings instead of nanofibers and to layers of upright standing molecules [172]. Similar
to those micro-rings, NMeHP4 forms bent nanostructures on the non-cleaved substrate,
Fig.4.33(a), and additionally poorly fluorescent islands can be seen in the background.
In other regions on the sample mutually aligned fluorescent fibers are visible interrupted
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Fig. 4.32: AFM-images of NMeHP4 on muscovite mica (freshly cleaved) substrate tem-
perature 340 K (a) 24 × 24 µm2, height scale 72 nm, film thickness 2 nm; (b) 23 × 23 µm2,
height scale 204 nm, film thickness 6 nm. On the right hand side an enlarged 3D-extract
of the indicated fiber is shown.

by black areas. These stem from upright standing molecules on the surface, which show
no fluorescence under normal incidence. It has been reported for p6P on other inorganic
substrates, that defects or contaminations lead to the thermodynamically more stable
phase with upright standing molecules on the surface [173]. This has to be verified here
by means of atomic force microscopy in the future.

Fig. 4.33: Fluorescence microscopy images (λexc ≈ 365 nm) of NMeHP4 on muscovite
mica (non-cleaved), TS = 340 K; nominal thicknesses: 8 nm; left: 160 × 120 µm2, right:
110 × 82 µm2.

4.3.4 1-Cyano-p-Quaterphenylene (CNHP4)

Last but not least among the mono functionalised oligomers CNHP4 has been deposited
on a freshly cleaved muscovite mica substrate at elevated substrate temperatures. Since
MOHP4 shows clearly inferior fiber growth compared to the prominent di-functionalised
oligomer MOP4, it is obvious, that not only the functional group itself decides on improved
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growth but also the counterpart functionality has to be taken in account. In this case
of the cyano group the CNHP4 shows superior growth properties compared to the di-
functionalised CNP4.

Fig. 4.34: Fluorescence microscopy images of CNHP4 on muscovite mica for increasing
film thicknesses (TS = 340 K): (a) 56 × 42 µm2, film thickness 4 nm; (b) 56 × 42 µm2,
film thickness 8 nm; (c) 88 × 65 µm2, film thickness 12 nm.

Fig. 4.35: Fluorescence microscopy images of CNHP4 on muscovite mica for different
substrate temperatures, film thicknesses 12 nm: (a) 88 × 65 µm2, TS = 340 K; (b) 113
× 85 µm2, TS = 360 K; (c) 83 × 63 µm2, TS = 380 K.

The resulting parallel aligned CNHP4 nanofibers are shown in fluorescence microscopy
images, Fig.4.34, for increasing nominal film thicknesses: 4 nm, 8 nm and 12 nm, deposited
at TS = 340 K. For increasing coverages the fibers clearly gain in length starting from a
few ten micrometer up to several ten micrometer, Fig.4.37(a). Initially short aggregates
form with certain height and width, and additionally deposited organic material augments
the number of aggregates. For further deposition of material the dominating effect is an
increase in length of the fibers, which is indicated by the peaked course of the aggregate
number density, Fig.4.37(b).

For generating long, mutually aligned nanofibers not only an appropriate amount of
organic material is needed but also an optimal substrate temperature. Fig.4.35 shows
fluorescence microscopy images of CNHP4 on muscovite mica for different substrate tem-
peratures and similar nominal film thicknesses, namely 12 nm. Obviously the growth
conditions comprising a film thickness of 12 nm and a substrate temperature of 360 K are
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Fig. 4.36: AFM images of CNHP4 on muscovite mica for different substrate tempera-
tures, nominal film thicknesses 12 nm: (a) TS = 340 K, 15 × 15 µm2; (b) TS = 360 K, 25
× 25 µm2, height scales 300 nm both; (c) TS = 380 K, 30 × 30 µm2, height scale 80 nm.

the most favourable among the given samples for generating nanofibers with length up to
several hundred micrometers (Fig.4.35(b)).

The fibers are mutually aligned but not strictly parallel. Within each domain three
growth direction can be observed: along muscovite 〈1 1 0〉 and along 〈1 1 0〉 ±7° with an
experimental error of ±3°. The nanofibers branch out forming kinks and switch between
growth directions.

The morphology of the nanoaggregates can be seen in more detail in AFM images. The
nanofibers look like an earthworm with combat-crown. For substrate temperature TS =
340 K (Fig.4.36(a)) the fibers grow to a height of about 200 nm and a width of about
500 nm, then they increase in length up to several ten micrometers. The fibers taper off
at the endings and elongate in this way. For high coverages (12 nm film thickness) the
nanofibers reach with their peaked top parts heights of about 300 nm or even 400 nm.
These peaks are visible in the fluorescence microscopy images as bright spots on top of
the nanofibers. This bright spots can be attributed to increased fluorescence intensity due
to more material within the peaks. According to this they differ from the bright spots
e.g. in case of CLHP4 (see above), which originate from scattered light at breaks within
the fiber.

For a slightly higher substrate temperature, TS = 360 K (Fig.4.36(b)), the fibers become
bigger without changing their shape: They exhibit a mean width of 700 nm and a mean
height of 250 nm, including peaks the height is even up to 500 nm. The length increases
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Fig. 4.37: (a) Length distribution for deposition at TS = 360 K, (b) aggregate num-
ber density for different substrate temperatures and film thicknesses, and (c) aggregate
number density (circles) and aspect ratio: width/height (triangles) for different substrate
temperatures and for 12 nm film thickness of CNHP4. Solid lines in (a) Gaussian fits, in
(b) and (c) to guide the eye.

to a several hundred micrometers. Small clusters of a few ten nanometer are visible in
between the needles, which are believed to be needle precursors [66, 67]. For a further
increase in substrate temperature, TS = 380 K (Fig.4.36(c)), the fibers possess a modified
shape and aspect ratio. The fibers are wider and flatter with a mean height around 60
nm and width up to 1 µm, length is decreased to several ten micrometers. The aggregates
look fibrous and frayed and have a larger depletion zone compared to lower substrate
temperatures. This reflects a higher surface mobility of the aggregates. Expanded flat
and dendritic islands are visible in between the fibers with a height of 2.0 nm indicating
upright standing molecules on the surface.

Aggregate number densities and aspect ratios for the different substrate tempera-
tures just discussed and a constant film thickness (12 nm) are shown for comparison
in Fig.4.37(c).

Compared to aggregates from the difunctionalised CNP4 the mono functionalised CNHP4
exhibits superior properties for generating nanofibers. This may be attributed to enhanced
intermolecular interactions, which lead to improved packing of the molecules within the
nanofibers. It can be concluded that not only the functional group itself determines the
growth behaviour but also the counterpart functionalisation has to be taken into account,
leading to adjusted possibilities for intermolecular interactions. Seeing that only two po-
sitions are considered to be functionalised at all, demonstrates the complexity of effects
caused by functionalisation.
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4.4 Differently functionalised para-Quaterphenylenes

4.4.1 Methoxy-Amino-p-Quaterphenylene (MONHP4) [6]

The non-symmetrically substituted p-quaterphenylene with a methoxy group and an
amino group MONHP4 has been vapour deposited onto a freshly cleaved muscovite mica
substrate. This results in well aligned fiberlike nanostructures, which are non-fluorescent
in a fluorescence microscope due to intermolecular hydrogen bondings between amino and
methoxy groups (cf. NHP4 and see Chapter Linear Optics for details).

Fig. 4.38: MONHP4 on muscovite mica, TS = 380 K, film thickness 7 nm, (a) darkfield
microscopy images 85 × 85 µm2, and atomic force microscopy images (b) 15 × 15 µm2,
height scale 130 nm, (c) 5 × 5 µm2, height scale 50 nm.

Fig. 4.39: MONHP4 on muscovite mica, TS = 360 K, film thickness 7 nm, (a) darkfield
microscopy images 85 × 85 µm2, and (b) atomic force microscopy images 8 × 8 µm2,
height scale 130 nm.

The nanofibers possess typical widths of a few hundred nanometer, heights up to 120
nm, and they reach several micrometer in length for TS = 380 K, Fig.4.38. In between
those fibers elongated clusters are visible as well as islands, whose step heights of 2.5 nm
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indicate upright standing molecules on the surface (Fig.4.38(c)). Fibers taper off at the
endings.

This is more pronounced for a slightly lower substrate temperature, TS = 360 K,
Fig.4.39(b): The fibers possess something like a knob with a height up to 120 nm in
the middle, and they run out at the endings reaching lengths of only a few micrometer.
The nanofibers are very close to each other, they are packed too densely to obtain a well
resolved darkfield microscopy image, Fig.4.39(a).

4.4.2 Methoxy-Chloro-p-Quaterphenylene (MOCLP4) [6]

Vapour deposition of MOCLP4 results in well defined nanostructures, which show a strong
dependence on the growth temperature: clearly a high surface temperature case and a low
surface temperature case can be distinguished. Thus it seems that this strong morpholog-
ically temperature dependence is an intrinsic property of functionalisation with chloride
groups for p-quaterphenylenes. The possibilty to grow different structures from a single
molecule just by changing the substrate temperature adds another degree of freedom for
the design of nanoscaled structures.

Fig. 4.40: Fluorescence microscopy images of MOCLP4 on muscovite mica (a) 135 ×
100 µm2, (b) 56 × 42 µm2, both TS = 400 K high surface temperature case, film thickness
10 nm, and (c) 56 × 42 µm2, TS = 360 K low surface temperature case, film thickness 4
nm.

If the substrate temperature is kept at 400 K (high surface temperature case) mutually
aligned fibers are formed possessing lengths of several micrometers or sometimes several
ten micrometer, widths of a few hundred nanometer and heights of a few ten nanometer.
Width and height are typical for para-phenylene nanofibers, whereas the length is more
individual. Here the length is comparable to the high temperature CLP4 fibers. The
aggregates from MOCLP4 always grow along the 〈1 1 0〉 muscovite direction and form
two different domains within a single sample, which are rotated by 120° to each other
such as usual (Fig.4.40(a)).

More details of the morphology were obtained by means of atomic force microscopy
(Fig.4.41(a)). As deduced from those morphologically well resolved studies, a single fiber
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is made up of short, elongated aggregates, which are well assembled in an alignment to
form a fiber. In between the fibers small clusters are visible which cannot be seen in
a light microscope. Since they are believed to be needle precursors [66, 67] they reflect
the bottom-up fashion of the growth process. The fibers form kinks with an angle of
about 15°, which have already been observed in the case of MOP4, the symmetrically
functionalised oligomer with two methoxy groups. Thus it seems that the trend to form
kinks is an intrinsic property due to the substitution with methoxy groups.

Fig. 4.41: Atomic force microscopy images of MOCLP4 on muscovite mica (a) 25 × 25
µm2, height scale 80 nm, TS = 400 K high surface temperature case, film thickness 10 nm,
(b) 18 × 18 µm2, and (c) 8 × 6.5 µm2, both height scales 130 nm and TS = 360 K low
surface temperature case, film thickness 4 nm.

Keeping the subtrate temperature at 360 K during deposition (low surface temperature
case) leads to mutually aligned nanobranches. The growth direction is again the 〈1 1 0〉
muscovite direction before the fiber splits. Then the 〈1 1 0〉 muscovite direction is the
bisecting line of the angle between the branches, which is about 30° with an experimental
error of ±3°. But they exhibit no bilateral symmetry, for most nanobranches one branch is
significantly longer, sometimes more than double as long. Similar nanobranches have been
found in case of the mono functionalised oligomer with a methoxy group MOHP4. The
nanobranches possess overall lengths up to 30 µm, and with heights up to 150 nm they
are almost double as high as the nanofibers for the high temperature case. In between the
nanobranches elongated clusters are located, which cannot be seen in a light microscope,
Fig.4.41(c). Strikingly these grow strictly along muscovite 〈1 1 0〉, so that they only reflect
the straight parts of the nanobranches. These straight parts look more rough in shape than
the branches itself. They are more pronounced built up of elongated aggregates, which
are very close together and assemble that way to a fiberlike structure, Fig.4.41(a). This
nano-lego phenomenon can also be seen for the high temperature fibers and for MOHP4´s
nanostructures. The straight parts of the low temperature nanobranches are sometimes
made up of two very close rows of elongated aggregates, Fig.4.41(b) branch on the right
side.
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4.4.3 Methoxy-Cyano-p-Quaterphenylene (MOCNP4)

The differently functionalised p-quaterphenylene with a methoxy and a cyano group
MOCNP4 forms either well defined mutually aligned nanostructures, which remind of
walking sticks, or parallely aligned straight nanofibers on a muscovite mica substrate.

Fig. 4.42: Fluorescence microscopy images of MOCNP4 on muscovite mica (a) TS = 320
K, film thickness 10 nm, 56 × 42 µm2, (b) TS = 380 K, film thickness 8 nm, and (c) TS

= 390 K, film thickness 10 nm, both 135 × 100 µm2.

The main growth direction is along muscovite 〈1 1 0〉 as usual, and the nanoaggregates
show bright, polarised blue fluorescence after excitation with UV light from a high pressure
mercury lamp. For comparatively low substrate temperatures TS = 320 K, Fig.4.42(a),
the nanostructures are relatively short, densely packed and less well aligned. Increase of
the substrate temperature to TS = 380 K during deposition leads to well shaped walking
sticks, Fig.4.42(b). The sticks possess lengths of several ten micrometer. Thus, MOCNP4
nanostructures show a normal temperature dependence in opposition to the symmetrically
functionalised oligomer with two cyano groups CNP4.

Fig. 4.43: Atomic force microscopy images of MOCNP4 on muscovite mica (a) 42 × 42
µm2, height scale 260 nm, (b) 10 × 10 µm2, height scale 200 nm, and (c) 5 × 5 µm2,
height scale 110 nm, all TS = 380 K, film thickness 8 nm.

For a slightly higher substrate temperature, TS = 390 K, straight, well separeted
nanofibers form, Fig.4.42(c), with length of several ten micrometer or even a few hundred

57



4 Growth – Variety of Nanoaggregates

micrometer. Only sometimes the nanofibers show kinks. This temperature behaviour is
in agreement with basic nucleation theory [167], which predicts larger and more separated
crystallites for higher substrate temperatures. But it turned out that more aspects than
the substrate temperature are decisive factors, whether walking sticks or straight fibers
are formed. The assembly of the MOCNP4 oligomers is clearly more sensitive towards
aspects such as substrate quality.

Fig. 4.44: Atomic force microscopy images of MOCNP4 on muscovite mica (a) 42 × 42
µm2, height scale 250 nm, film thickness 4 nm, (b) 7 × 7 µm2, height scale 120 nm, film
thickness 8 nm, both TS = 380 K, and (c) 15 × 15 µm2, height scale 110 nm, TS = 390
K, film thickness 10 nm.

A reasonable explanation can be found by means of atomic force microscopy images.
The sticks bend invariably, when large dendritic islands occur on the surface (Fig.4.43).
These islands cover several square micrometer and possess heights of several ten nanome-
ter. Step heights of 2.5 nm indicates, that the islands are formed by upright standing
oligomers on the surface. This is in accordance with the fact, that these islands are non-
fluorescent in a fluorescence microscope. Since a decrease in substrate quality leads to
augmented occurance of upright standing oligomers [172, 173], the number of the islands
will increase in turn and all the more bending of the sticks will arise. Islands built up of
upright standing oligomers can be found in between the straight fibers as well, but they
cover a smaller area and consist only of one or two layers of upright molecules.

That the handhold of the walking sticks consists of a bent fiber piece, has been found
out by polarisation measurements of the fluorescence: the polarisation vector follows
the bending. This in turn means that the molecules within the bending change their
alignment with respect to the substrate and its surface electric fields, similar to the p6P
microrings. This is oppositional to the CNP4 swallow wings, whose molecular alignment
is strongly given by the substrate unaffected by the nanostructures´ shape. However, the
fluorescence light emitted from MOCNP4´s straight fibers and walking sticks is polarised
nearly exactly perpendicular to their growth direction with a polarisation ratio close to
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one. The handhold ends up in a knob, which is about double as high as the stick growing
up to 300 nm.

The height of the stick is around 150 nm, and the width is in the order of several
hundred nanometer. The straight nanofibers are significantly wider and flatter (Fig.4.44)
compared to the sticks, exhibiting heights around 120 nm an width up to one micrometer.
This arises from increased mobility of oligomers and clusters on the surface due to elevated
substrate temperature. Both the walking sticks and the straight nanofibers taper off at the
endings and elongate in that way. However, this new structure motif of bent fibers with a
long straight part opens up more possibilities of implementing this organic nanoaggregates
in future integrated optical circuits.
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4.5 Nanoshaping

It will be demonstrated in the following chapter, that the fluorescence colour of the nanos-
tructures is determined by the functional group attached to the molecular building block.
The fluorescence colour is tunable within the blue. Additionally non-fluorescent nanofibers
are available. But this is not all: The detailed morphology, i.e. dimensions, cross-sectional
shape, aggregate density, etc. are determinded by the functional groups as well. Atomic
force microscopy has been used to visualise the diversity in morphology. The cross-section
shape varies from rounded (p6P) over slab-like (MOP4) to peaked like a pitched roof
(CLP4), Fig.4.45.

Fig. 4.45: Atomic force microscopy images of nanofibers from p6P, MOP4 and CLP4.
Cross-sections (width × height) show the respective dimensions.

The change in shape occurs for nanofibers, that are still parallely aligned, emit intense
blue fluorescence light, and show waveguiding. Hence the nanoshaping opens up various
new application possibilities such as slab-based nanophotonic architectures or surface
enhanced Raman scattering (SERS) nanosensors, after coating with ultrathin metal films.

The new nanofibers from MOP4 and CLP4 are the most striking candidates for the
nanoshaping aspect. Of course other functionalities generate similar shape motifs (Fig.4.46.
Introduction of amino groups to the p-quaterphenylene core (NHP4) results in rather
short, non-fluorescent nanoworms, which possess a rounded cross-sectional shape, while
N, N -dimethyl amino groups (NMeP4) can lead to exceedingly flat nanoflakes, that emit
bright blue fluorescence light. Functionalisation with cyano groups (CNP4) creates rather
short and straight nanofibers with a prismatic shaped cross section, among other structure
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Fig. 4.46: Atomic force microscopy images of nanofibers from NHP4, NMeP4 and CNP4.
Height scales 150 nm, 250 nm, 100 nm, respectively. Cross-sections (width × height) show
the respective dimensions.

types.
Additionally dimesions and aggregate density can be varied according to the growth

parameters, e.g. different structure types are generated depending on the substrate tem-
perature during deposition (see above).
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5.1 Fluorescence Spectra

Most nanoaggregates exhibit polarised fluorescence after excitation with unpolarised UV-
light λexc ≈ 365 nm) under normal incidence, owing to their high degree of crystallinity.
Fluorescence spectra of the para-phenylenes are all within the blue, but the fine-tuning
of the emission colour is determined by the functional groups attached to the molecular
building block. Functionalisation allows a shift of the peak emission frequency of the
nanoaggregates from 383 nm (CLP4) to 452 nm (NMeP4). This is due to inductive and
mesomeric effects of the functional groups on the conjugated π-electron system, which
is responsible for the fluorescence. While a change in the peak emission frequency via
substitution of polymeric or molecular compounds is a well known method in organic
thin films, it is demonstrated here, that this is possible while conserving the concept of
crystalline nanofibers. The emitted spectra are well resolved and narrow (order of 50
nm), and they exhibit no green defect emission due to the crystalline perfection of the
nanoaggregates.

The projection of the molecular orientation within the nanostructures on the mica sub-
strate can be extracted by analysing the polarisation properties of the fluorescence after
unpolarised UV excitation. This structure determination approach has been discussed in
the previous Chapter Growth. Within this section the fluorescence spectra and their shifts
due to functional groups is discussed. The spectra have been recorded after continuous
wave (cw) UV excitation of the nanoaggregates on the mica substrate at 325 nm. The
effect of substituents on the fluorescence properties of aromatic hydrocarbons is complex
and additional solid state effects in general are hard to predict. Therefore explanations
denoted in the following sections should be viewed cautiously. First some general infor-
mation on fluorescence and organic molecular crystals are given.

Organic molecules and their molecular crystals, which posess a conjugated π-electron
system exhibit low excitation energies, therefore they absorb in the UV and fluoresce in
the visible spectral regime. The π-electrons are located in the highest energy occupied
molecular orbitals (HOMO) and are easily excitable, thus for studying electronic prop-
erties of aromatic organic compounds it is sufficient to focus on the properties of the
π-electrons.
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Mesomeric effects (M-effects) influence directly the π-electron system by π-electrons
or lone pairs of the substituent. For inductive effects (I-effects) the electronegativity of
the substituent is decisive and those effects cause polarisation of the σ-bonding between
substituent and the corresponding phenyl carbon atom. Mesomeric effects often overcome
inductive effects [174]. In general a shift to longer wavelengths of the fluorescence occurs
when the degree of conjugation of the π-electron system is extended or enhanced, i.e. when
the conjugated system is elongated or when it becomes more electron-rich. The lowest
lying transition of aromatic hydrocarbons are of π → π* type, which are characterised
by high absorption coefficients and fluorescence quantum yields. When a heteroatom is
involved in the π-electron system, an n → π* transition may be the lowest-lying. Promo-
tion of a non-bonding electron of a heteroatom to an antibonding π-orbital is denoted by
n → π*. For such transitions non-radiative de-excitation processes are dominant, which
lead to low fluorescence efficiency or even quenching. Fluorescence relevant transitions
often possess a significant intramolecular charge transfer character when a heteroatom is
involved. Thus, ground states and excited states exhibit different dipole moments. This
results in broadened and structureless fluorescence spectra [170].

Fig. 5.1: (a) Energy terms of molecules and molecular crystals. (b) Molecular crystal
with two molecules per unit cell show Davydov-splitting.

The exemplifications given so far are valid for single organic molecules in gasphase or
solution. The intermolecular forces, which hold the molecules together in the solid state
are weak compared to intramolecular forces. Molecular crystals are named like this, be-
cause the molecules with their individual properties are retained in the crystal phase.
First analysis of molecular crystal´s optical spectra led to the model of the oriented gas
[175]. This is the basic difference of organic molecular crystals compared to most anor-
ganic crystals. In the latter ones the individual molecular compounds are not observable.
Later the model of Frenkel-excitons [176] and characteristic splitting of spectral lines, the
Davydov-splitting [177] have been introduced to explain the influence of intermolecular
interactions on the optical spectra of molecular crystals, because they show certain dif-

64



5.1 Fluorescence Spectra

ferences compared to the free molecule. For instance the (0-0)-transition (cf. Fig.5.1(a))
is forbidden for single molecules due to symmetry reasons, whereas it is allowed for the
crystal because now the crystal´s symmetry is deciding.

Molecular crystals are held together by electrostatic forces, as for instance weak van-der-
Waals interactions or coulombic forces. Because of repulsion aromatic organic molecules
favour the herringbone packing, which allows most densly packing with minimum repul-
sion [154]. Absoption and fluorescence is characterised by transitions between singlet-
states S0 → S1 and S1 → S0, respectively, Fig.5.1(a). The singlet-states consist of
different vibronic levels. This model is valid for free molecules and for their crystals. The
transitions happen among the π-electrons.

In general a redshift of absorption and fluorescence occurs when free molecules arrange
to a crystal due to intermolecular interactions of all molecules within the crystal. Not
only a single molecule is excited but a collective excitation of the bulk of molecules hap-
pens. Upon absorption of light an electron-hole pair is formed, the Frenkel-exciton. This
is located to a single molecule. Due to intermolecular interactions (coulombic interac-
tions) the exciton can jump to a neighbouring molecule (´hopping´), which results in a
delocalised excitation.

Additionally a splitting, the Davydov-splitting, of the excited state can be noticed
due to resonance interactions between translationally inequivalent molecules, Fig.5.1(b).
The lowest unoccupied molecular orbit (LUMO) splits into two lines for a crystal with
two molecules per unit cell such as for p6P. The HOMO does not split due to the weak
intermolecular interactions within molecular crystals. For the organic molecule and its
crystals in a simple approximation the LUMO refers to the π*-orbits, and the HOMO to
the π-orbit and sometimes in case existance of functional groups to lone pairs n.

For further details on molecular crystals and their excited states see for instance [154,
178–181]. However, since properties of single molecules are retained in the molecular
crystal, explainations of the nanofibers´ optical properties must start with considerations
of the oligomers´ properties.

5.1.1 Symmetrically functionalised p-Quaterphenylenes

Fluorescence spectra of the symmetrically functionalised p4Ps´ nanoaggregates, all within
the blue, can be seen in Fig.5.2. Most of the spectra, apart from CLP4, are redshifted
compared to the p4P. The spectra of CLP4 and MOP4 show well resolved vibronic struc-
tures, whereas the spectrum of CNP4 is broadened but still shows vibronic structures, and
the spectra of the NHP4 and NMeP4 are broad as well as structureless. The vertical line
representing the maximum emission, i.e. the (0-1)-transition of the non-functionalised
para-quaterphenylene (p4P), is given for comparison.

The chlorine atom is an electron pulling substituent with a strong –I-effect overcoming a
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Fig. 5.2: Fluorescence spectra of nanoaggregates from CLP4, MOP4, CNP4, NHP4 and
NMeP4 after cw excitation at 325 nm. The vertical line represents the (0-1)-transition of
the p4P. Note that relative intensities are shown, the fluorescence of NHP4´s nanofibers
is about 100 times weaker compared to the others.

weak +M-effect, therefore electron density of the aromatic system is reduced. This results
in a blueshifted fluorescence compared to the parent p4P. The fact that the spectrum of
CLP4 shows well resolved vibronic structures indicates that the lone pairs of the chlorine
atoms are not directly involved in the aromatic system, i.e. the fluorescence relevant
transition has no charge transfer character. The blueshift is clearly due to an inductive
effect, since the positive mesomeric effect of the chlorine substituents would result in a
contrary shift.

The methoxy group is an electron-pushing functional group, i.e. it has a strong +M-
effect as well as a moderate –I-effect. So the electron density of the conjugated system
is increased. This leads to the red-shifted fluorescence of the nanofibers of MOP4 com-
pared to those of the p4P. The spectrum shows well resolved vibronic structures, although
spectra of phenols1 are often broad and structureless compared to the parent aromatic
hydrocarbon [170]. This loss of structure happens when the lone pairs of the oxygen are
directly involved in the π bonding of the aromatic system due to significant intramolecular
charge transfer character of the fluorescene relevant transitions. This is only possible for
the nearly coplanar arrangement of the aromatic ring and the -OH substituent. However,
replacing the hydrogen by alkyl chains, e.g. an -OMe substituent, leads to departure from
coplanarity of the aromatic ring and the functional group. Thus, the lone pairs of the
oxygen atoms of MOP4 cannot conjugate with the π-electron system to full extent. The
degree of conjugation of the lone pairs is decreased, which reduces the charge transfer
character of the fluorescence relevant transitions, so that the vibronic structures are re-

1-OH functionalised phenyls
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tained on the one hand. But on the other hand the positive mesomeric effect, i.e. the
electron pushing effect is still pronounced enough to cause a redshift in the fluorescence.

The cyano group is an electron-pulling substituent with a strong –M- and –I-effect. But
it contains a triple bond, which elongates the π-conjugated system. This overcomes the
electron reducing effect, no matter if it is based on negative inductive or on a negative
mesomeric effects. Therefore a redshifted fluorescence can be observed compared to the
parent p4P. Since a heteroatom in involved in the fluorescence relevant transitions, they
possess a certain charge transfer character, because the triple bond of the cyano group is
directly involved in the π-electron system. This results in a broadened spectrum, which
still shows vibronic structures. Due to the symmetric functionalisation the charge transfer
character is only less pronounced.

The nanostructures of NHP4 have been described as almost non-fluorescent, but still
a fluorescene spectrum can be obtained. Note that in Fig.5.2 only relative intensities are
given. The fluorescence intensity of NHP4 is about 100 times weaker compared to the
other spectra. However, the amino group posseses a strong +M- and a weak –I-effect:
the lone pair of the nitrogen conjugates into the aromatic system, since the N-H-bondings
are arranged coplanarly to the phenyl ring. This increases the electron density as well as
the conjugation length, which is reflected in an obvious redshift in the fluorescence. This
strong positive mesomeric effect overcomes the negative inductive effect by far. Since the
lone pairs of the heteroatom are directly involved in the aromatic system, the spectrum is
broadened and structureless due to pronounced charge transfer character of the transition
momentum. That way no n → π* transitions are present, which can result in fluores-
cence quenching as in case of functionalisation with a nitro group (cf. Chapter Growth).
Quantum chemical calculations could shed light on this, i.e. orbital energies and most
probable electronic transitions could be calculated. However, for NHP4´s nanostructures
other pathways in fluorescence quenching have to be considered, like for instance inter-
or intramolecular hydrogen bonding of the amino group´s hydrogen (cf. Chapter Growth
above). That formation of hydrogen bonding is a reasonable explanation is confirmed by
the fact, that nanostructures of NMeP4 show bright blue fluorescence.

The spectrum of the nanostructures of the N, N -dimethyl amino functionalised oligomer
NMeP4 exhibits the longest wavelength among all investigated functionalised p-quater-
phenylenes. Similar to the amino group, the lone pair of the nitrogen conjugates into the
aromatic system, which results in a redshifted, broadened and structureless fluorescence
spectrum. The electron donating effect is more pronounced as in case of the normal amino
group due to the positive inductive effect of the methyl groups.

The values of the shifts in the fluorescence spectra are given in Tab.5.1 for a quantitaive
overview.
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CLP4 p4P MOP4 CNP4 NHP4 NMeP4

(0-1) [nm] 383 386 400 404 439 452

∆λ [nm] - 3 0 + 14 + 18 + 53 + 66

Tab. 5.1: Fluorescence shifts of symmetrically functionalised p-quaterphenylenes with
respect to the unfunctionalised p4P. Differences ∆λ are given in nm; minus and plus
indicate blue- and redshift, respectively. The wavelength of the (0-1) transitions are given
in nm as well.

5.1.2 Mono functionalised p-Quaterphenylenes

For the mono functionalised oligomers intermolecular interactions are more pronounced
than for p-quaterphenylenes with functional groups at both para-positions due to the
possiblity of intermolecular interaction between hydrogen and functional group. These
kind of hydrogen bondings have been recognised as important interactions in supramolec-
ular chemistry [182]. Unfortunately, no crystal structures have been obtained yet for the
functionalised p-quaterphenylenes to verify these interactions. However, the fluorescence
spectra reflect increased intermolecular interactions, and the nanofibers´ capability of
frequency doubling (cf. Chapter Non-linear Optics) gives an evidence for head-to-tail
orientation of the oligomers within the nanofibers´ assumed herringbone packing. Gen-
eral aspects of the respective functional groups on the fluorescence properties have already
been discussed in the previous section. The spectra of the mono functionalised oligomers´
nanofibers, all within the blue and redshifted compared to the p4P, can be seen in Fig.5.3.
again the spectra of CLHP4 and MOHP4 show well resolved vibronic structures, whereas
the other spectra are broad and structureless. The vertical line represents the maximum
emission, i.e. the (0-1)-transition of the unfunctionalised para-quaterphenylene (p4P).

[nm] CLP4 CLHP4 MOHP4 MOP4 CNP4 CNHP4 NMeHP4 NMeP4

(0-1) 383 390 397 400 404 417 440 452

X-P4-X - 3 + 14 + 18 + 66
X-P4-H + 4 + 11 + 31 + 54

Tab. 5.2: Fluorescence shifts of symmetrically and mono functionalised p-
quaterphenylenes with respect to the unfunctionalised p4P. Differences ∆λ are given in
nm; minus and plus indicate blue- and redshift, respectively, with respect to p4P. The
wavelength of the (0-1) transitions are given in nm as well.
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Fig. 5.3: Fluorescence spectra of nanoaggregates from CLHP4, CNHP4, MOHP4 and
NMeHP4 after cw excitation at 325 nm. The vertical line represents the (0-1)-transition
of the p4P (left hand side). Exemplarily fluorescence spectra of p4P-fibers, CLP4-fibers,
CLHP4-fibers and CLHP4 in solution are shown together in one plot (right hand side).

The mono functionalised oligomer MOHP4 leads to nanofibers with a red-shifted fluo-
rescence compared to the parent p4P. This redshift is also found in case of the disubsti-
tuted oligomer MOP4, but marginally more pronounced. This is in accordance with the
simple fact, that the electron donating effects of the methoxy groups will add up in case
of di-functionalisation.

The chlorine atom as an electron-pulling substituent reduces electron density of the
aromatic system on the one hand, but on the other hand the lone pairs of the chlor atom
can undergo intermolecular interactions: The lone pair can interact with a hydrogen of the
adjacent molecule forming hydrogen bondings, if the molecules align head-to-tail within
the nanoaggregates´ assumed herringbone packing2. Hydrogen bondings to heteroatoms
are known to affect fluorescence properties [170]. The π-π* state can shift to lower energy,
whichs results in a red-shift of the fluorescence. Additionally the n-π* state can shift to
higher energy, which can increase fluorescence quantum yield because emission from n-π*
states is known to be less efficient than from π-π* states. This is in agreement with the
extraordinary bright fluorescene of the CLHP4´s nanofibers (see below). In case of the di-
functionalised oligomer with chloride groups (CLP4) the fluorescence of the nanofibers is
blueshifted compared to the fluorescence of the p4P. This is due to the reduction of electron
density because of the negative inductive effect of the chloride groups. No intermolecular
interactions as believed for the case of the CLHP4 can occur. The fact that the spectra
of both chloride functionalised oligomers show well resolved vibronic structures indicates
that the lone pairs of the chlor atoms are not directly involved in the aromatic system,

2This orientation leads to a certain non-symmetry of the nanofibers, which is crucial for non-linear
optical activity such as frequency doubling. Appearance of these features are disclosed in the Chapter
Non-linear Optics, which give an indirect evidence for the here quoted intermolecular interactions.
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i.e. the fluorescence relevant transition has no charge transfer character.
The CNHP4´s nanofibers fluorescence shows a pronounced redshift with respect to the

parent p4P as well as to the respective symmetrically functionalised oligomer, although
the di-functionalised oligomer CNP4 should have a more elongated conjugated system
because of the second cyano group. This could be explained by the electron-pulling effect
due to a negative inductive as well as a negative mesomeric effect of the cyano group. The
second cyano groups then decreases the electron density of the phenylene core more than it
increases the length of the conjugated system. In addition the cyano group also contains a
lone pair, which can interact with hydrogen of a neighbouring oligomer in case of head-to-
tail orientation of the CNHP4 oligomers. The formation of such intermolecular hydrogen
bondings should result in a red-shifted fluorescence as discussed above. The spectrum of
CNHP4 is broad and structureless due to the charge tranfer character of the fluorescence
relevant transitions, because the triple bond of the cyano group is directly involved in the
aromatic system.

The strong positive mesomeric effect of the N,N -dimethyl amino group, which easily
overcomes the negative inductive effect is reflected in an obviously redshifted fluores-
cence of the NMeHP4´s nanofibers. This redshift is clearly more pronounced for the
di-substituted oligomer NMeP4 due to the second N,N -dimethyl amino group. Inter-
molecular interactions as believed for CLHP4 and CNHP4 can be neglected because of
the low basicity of aromatic amines and because of steric reason due to the methyl groups.
The spectrum of the NMeHP4´s nanostructures is broadened and structureless due to the
known mesomeric effects of lone pairs of amino groups.

The table Tab.5.2 gives a quantitative overview over the fluorescence shifts of both, the
mono and the symmetrically functionalised oligomers´ spectra.

[nm] CLHs CLHf MOHs MOHf CNHs CNHf NMeHs NMeHf

(0-1) 357 390 385 397 390 417 447 440

solution - 29 - 1 + 4 + 61
fiber + 4 + 11 + 31 + 54

Tab. 5.3: Fluorescence shifts of mono functionalised p-quaterphenylenes in solution
(dichloromethane) and of the respective nanofibers with respect to the unfunctionalised
p4P´s nanoaggregates. Subscript s indicates solution and subscript f indicates fiber.
Differences ∆λ are given in nm; minus and plus indicate blue- and redshift, respectively,
with respect to p4P. The wavelength of the (0-1) transitions are given in nm as well.

Additionally fluorescence spectra of the mono functionalised p4Ps have been recorded
in solution by Ivonne Wallmann, University of Bonn [2], see Tab.5.3. The oligomers
were dissolved in dichloromethane in high dilution (concentration < 1 µM), therefore in-

70



5.1 Fluorescence Spectra

termolecular interactions of the molecules such as considered for the nanofibers can be
neglected. Exemplary all available fluorescence spectra of the mono and symmetrically
chloride functionalised p4P are shown together in one plot, Fig.5.3. The differences be-
tween the maximum emission of all oligomers in solution and of the respective nanofibers
are found as following:

oligomer CLHP4 MOHP4 CNHP4 NMeHP4
∆ [nm] 33 12 27 7

Obviously the nanofibers of CLHP4 and CNHP4 show a more pronounced redshifted
fluorescence in contrast to the oligomers in solution. This is in accordance with the
believed intermolecular hydrogen bondings of CLHP4 and CNHP4 within the nanofibers,
which are responsible for a fluorescence shift to higher wavelength. The difference between
the maximum emission of the oligomers in solution and the respective nanofibers in cases
of MOHP4 and NMeHP4 is about three times lower than for the other two oligomers.

For NMeHP4 in solution the maximum fluorescence is even located at a higher wave-
length than the maximum of the NMeHP4´s nanofibers. This can be explained by a
solvent effect since dichloromethane is a rather polar solvent. Because of the pronounced
charge transfer character of the fluorescence relevant transitions the increase in the dipole
moment for the excited state is quite large. Consequently the excited state is not in
equilibrium with the surrounding solvent molecules. The solvent molecules rotate during
the lifetime of the excited state until the solvation shell is in thermodynamic equilibrium
with the fluorophore. Such a solvent relaxation explains the increased redshift of the
fluorescence for increasing polarity of the solvent [170].

The three other oligomers in solution have a blueshifted fluorescence compared to the
respective nanostructures. This reflects not only the missing intermolecular interactions
but also the departure from coplanaity of the adjacent phenyl rings. The phenyl rings
are twisted with respect to each other for para-phenylenes in solutions due to repulsion
of the hydrogens bond to the aromatic ring. The assumed herringbone structure of the
molecules within the nanoaggregates forces the phenyl rings into a nearly coplanar ar-
rangement, which provides a better conjugation across the molecules and hence results in
a redshifted fluorescence.

Also a qualitative order of the fluorescence intensities is given:

ClHP4 >> CNHP4 >> MOHP4 > NMeHP4

The intensities are strongly influenced by the morphology of the aggregates and the nom-
inal film thicknesses. So only a cautious qualitative comparison is made. The nanoag-
gregates of CLHP4 show much more intense fluorescence about ten times more intense
under similar conditions than the fluorescence of the nanofibers from CNHP4. But this
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luminescence is itself still about ten times stronger than the fluorescence of the nanos-
tructures from MOHP4. The luminescence of the nanofibers from NMeHP4 is about half
as intense compared to those of MOHP4.

5.1.3 Differently functionalised p-Quaterphenylenes

Fluorescence spectra of the differently functionalised p-quaterphenylenes´ nanofibers are
shown in Fig.5.4. The spectrum of the parent p4P oligomer is given for comparison. All
spectra are clearly redshifted with respect to the parent p4P´s fluorescence. Effects of two
different functional groups on both para-positions are complex. It seems that the effect
of introducing auxochromic groups is more pronounced than the individual properties of
the substituent: The respective peak emissions of all three different nanofibers are close
together and clearly red-shifted.

Fig. 5.4: Fluorescence spectra of nanoaggregates from MOCLP4, MOCNP4 and
MONHP4 after cw UV excitation at 325 nm. A spectrum of p4P is given for comparison.
Note that relative intensities are shown, the fluorescence of MONHP4´s nanofibers are
about 100 times weaker compared to the others.

p4P MOCLP4 MOCNP4 MONHP4

(0-1) [nm] 386 428 433 438

∆λ [nm] 0 +42 +47 + 52

Tab. 5.4: Fluorescence shifts of differently functionalised p-quaterphenylenes with re-
spect to the unfunctionalised p4P. Differences ∆λ are given in nm; minus and plus indicate
blue- and redshift, respectively. The wavelength of the (0-1) transitions are given in nm
as well.

Since one of the functional groups is the same for all three oligomers, namely the
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methoxy group, the respective influence of the second substituent can be discussed. The
MOCLP4 nanofibers show the most blue fluorescence due to the electron pulling chlorine
atom. Substitution with a cyano group causes elongation of the π-electron system on the
one hand, but reduces electron density due to electron reducing effects. Therefore the
MOCNP4 nanofibers have the middle position here, whereas the MONHP4 nanofibers
exhibit the most redshifted fluorescence because of the pronounced positive mesomeric
effect of the amino group. The amino group arranges coplanarly to the phenyl rings
so that the lone pair of the amino group is directly involved in the aromatic system.
An overview over the shifts in the fluorescence spectra of the differently functionalised
oligomers´ nanofibers is given in Tab.5.4.

Only the spectrum of MOCLP4 nanofibers shows well resolved vibronic structures.
This is in good agreement with the results for the symmetrically and mono functionalised
compounds. The fluorescence relevant transitions exhibit a significantly charge transfer
character, if a heteroatom is involved directly in the conjugated system, which is the case
for the cyano and the amino substituent.

Since the MONHP4 nanofibers have been described as non-fluorescent in a fluorescence
microscope, it has to be pointed out that the here presented fluorescence is about 100
times weaker compared to the fluorescence of the other nanoaggregates. This fluorescence
quenching is attributed to the formation of intermolecular hydrogen bonding between the
hydrogen of the amino groups and the lone pairs of the methoxy group´s oxygen. The
molecules are believed to orientate in head-to-tail configuration, which is also reflected
in the non-linear optical activity (see below). However, this problem of fluorescence
quenching has been found in case of NHP4´s nanofibers and is well known for naphthalene
bisimide dyes core-substituted with arylamines: Formation of intramolecular hydrogen
bonding to a neighbouring carbonyl group is considered to be the pathway for radiationless
deactivation of the excited state. To avoid this problem alkyl amines [168] and amino-
linked benzyl groups [169], respectively, have been attached sucessfully to the naphthalene
core leading to a strong, tunable fluorescence.
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5.2 UV/vis Absorption Spectra

UV/vis absorption spectra of the symmetrically and differently functionalised p-quater-
phenylenes in solution (dichloromethane) have been measured as well, Fig.5.5. The values
for the maximum absorption are given in Tab.5.5. The solutions are highly diluted (con-
centrations around 50 nM), therefore no intermolecular interactions influence the absop-
tion - the absorption spectrum can be considered as overlap of spectra of single molecules.
The spectra are structureless and rather broad as is known for substituted benzenes [183],
because substituents reduce symmetry and enlarge the chromophoric system. The flu-
orescence of the nanofibers, i.e. interacting crystalline bulk of oligomers, can easily be
excited with UV light at 365 nm, wheras for excitation of the isolated oligomers in solu-
tion a lower wavelength is needed. This reflects that the oligomers´ phenyl rings are not
coplanar but twisted in solution. Departure from coplanarity results in a blueshift of the
π-system´s absorption maximum.

Fig. 5.5: UVvis absorption spectra of CLP4, MOP4, CNP4, NHP4, NMeP4 and NOP4
(left) and of MOCLP4, MOCNP4 and MONHP4 (right) in dichloromethane solution.
Concentrations are around 50 nM.

The effect of the functional group on the absorption properties of oligomers in solution
is less pronounced than the effect on the fluorescence properties for the nanofibers. This
may also be due to the twisted arrangement of the phenyl rings for oligomers in solution:
The impact of the functional group on the aromatic system cannot ´spread´ as easily as
for the phenyl rings´ coplanar arrangement for the bulk within the nanofibers. However,
introduction of functional group leads to a redshift in the absoption spectra due to elon-
gation of the chromophoric system. Electron pulling functional groups like chloride and
cyano groups cause a relatively small redshift, while electron donating functional groups
like methoxy, amino and N,N -dimethyl amino groups cause a larger redshift. For the
differently functionalised oligomers the influence of the two different substituents is com-
plex, therefore the simple considerations for the symmetrically substituted oligomers are
not valuable. Apart from this, the nitro group has an exceptional position: the maximum
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absorption of NOP4 is clearly redshifted compared to all other oligomers. This is due to
strong chromophoric properties of the nitro group.

p4P [93] CL MO CN NH NMe MOCL MOCN MONH NO

(0-1) 299 303 310 302 324 311 309 318 316 347

∆λ 0 + 4 + 11 + 3 + 25 + 12 + 10 + 19 + 17 + 48

Tab. 5.5: Absorbance shifts of symmetrically and differently functionalised p-
quaterphenylenes with respect to the unfunctionalised p4P in dichloromethane solution
(around 50 nM). ´P4´ has to be inserted at the end of the oligomer´s name. Differences
∆λ are given in nm; plus indicates redshift. The wavelength of maximum absorption is
given as well.
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5.3 Bleaching [7, 8]

Although it has not been investigated by the author, it has to be noted that the above
discussed fluorescence of the nanofibers undergoes photodegredation, the so called bleach-
ing. For the functionalised oligomers nanofibers the bleaching has been studied in detail
in case of MOP4, a short overview is given in the following.

Fig. 5.6: Bleaching: atomic force microscopy images (3.7 × 3.7 µm2, height scale 65 nm)
and corresponding fluorescence microscopy images (250 × 250 µm2) of MOP4 nanofibers
on muscovite mica before and after illumination with 365 nm UV light for the indicated
times Adopted from [7].

Before applications of this newly generated nanofibers in photonic and optoelectronic
devices will be possible, the stability against heat treatement and optical bleaching has
to be investigated and improved. It has been demonstrated in the case of p6P nanofibers,
that the fluorescence spectra do not change for thermal heating up to around 400 K under
ambient air conditions [7]. For higher temperatures the fibers degrade by loosing material.
But still the shape of the fluorescence spectra does not change, only the luminescence
intensity decreases until all organic material is removed. The bleaching caused by UV light
illumination has been investigated in more detail in case of p6P and MOP4 nanofibers.
For better understanding the change on morphology induced by bleaching with UV light,
AFM measurements have been performed simultaneously on the illuminated area for
MOP4 [7]. Fig.5.6 shows fluorescence microscopy images and the corresponding AFM
images of MOP4 nanofibers on mica before and after illumination with 365 nm UV light.
With increasing illumination time material is ablated from the fibers, which results in
a decrease in height and an increase in surface roughness. A quantitative evaluation of
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the bleaching process reveals that the decrease in height goes linearly with time and is
accompanied by an exponential decrease in luminescence intensity. Since it is only the
height of the nanofibers that decreases while the width remains approximately constant,
the volume of the fibers decreases linearly with illumination time as well. One would
expect that the luminescence intensity should decrease linearly with illumination time
if the luminescence results from an integration of all emitters within the fiber. But the
luminescence decays exponentially with illumination time, thus the bleaching process is
more than ablation of organic material. Since illumination and optical measurements took
place from below, i.e. through the mica substrate, photo-oxidation reaction must affect
the whole fiber and not only its surface.

But bleaching can be avoided or at least largely reduced if the nanofibers have been
coated with for instance silicon oxide before illumination. The SiOx coating is very ef-
fective in blocking ambient oxygen, which undergoes photo-oxidation reactions with the
organic material upon illumination with UV light.

Another important step towards device application for nanofibers is to remove them
from the growth substrate, while conserving the nanofibers´ shape and optical properties.
A convenient transfer process for these kind of nanofibers has already been developed
[184, 185]. The presence of the substrate might have an influence on the optical properties
of the fibers. However, it has been found out, that the transfer process from the growth
substrate to a liquid does not change the morphology or the general optical properties of
the nanofibers such as their ability to emit anisotropic blue light and their waveguiding
properties [185].
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6 Non-linear Optics [6, 9]

Non-symmetrically substitution of oligomers should not only allow tuning of the lumi-
nescence behaviour but also give access to systems that show nonlinear optical (NLO)
properties. The differently functionalised oligomers MONHP4, MOCLP4 and MOCNP4
are (to a different extent) push-pull substituted systems as well as the mono functionalised
oligomers MOHP4, CLHP4, NMeHP4 and CNHP4. They can act as NLO prototypes,
since they are expected from theory to posses non-zero second order susceptibility due to
the non-symmetric functionalisation [83–85]. If this anisotropy is retained in the highly
crystalline nanoaggregates, which should be the case for head-to-tail orientation of the
molecules within the nanofibers´ assumed herringbone packing, this bulk of oligomers
should also exhibit NLO activity. Such a property is of obvious importance for future
integrated optical circuits, but optical second-harmonic generation (SHG) is also a pow-
erful technique for understanding the correlation between morphology and optoelectronic
response of nanoaggregates and for characterisation.

In general the induced polarisation ~P by an external field describes the optical response
of a medium. In the linear optical regime, i.e. for relatively weak applied electromagnetic
fields, the relation between ~P and the external electric field ~E is linear:

~P = χ · ~E (6.1)

The susceptibility tensor χ is a material parameter.
In the nonlinear optical regime, the response function χ now becomes dependent on the

electromagnetic field E, and the induced polarisation can be written as an expansion of
the electric field [186]:

~P = χ(1) · ~E + χ(2) · ~E ~E + χ(3) · ~E ~E ~E + . . . (6.2)

= ~P (1) + ~P (2) + ~P (3) + . . .

χ(n) is the n-th order susceptibility tensor. Hence, in the nonlinear optical experiment,
the light ´retransmitted´ from the material contains not only the fundamental (input)
frequency, but also the double frequency (SHG), the triple frequency (third-harmonic
generation), and so on.

Due to symmetry reasons χ(n) vanishes for even-n in media with inversion symmetry:
In a parity operation the electric fields ~E change algebraic sign, ~P (− ~E) = −~P ( ~E). This
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constraint can only be fulfilled if the even terms vanish in Eqn.6.3. Only when the in-
version symmetry is broken, such as at surfaces or interfaces or in anisotropic media, an
even-order χ(n) is no longer forbidden. This allows nonlinear optical processes like fre-
quency doubling.

Fig. 6.1: (a) Emission of second harmonic signal from transferred MONHP4 nanofibers
and from p6P nanofibers on muscovite mica after excitation with femtosecond near in-
frared laser pulses (100 fs, 4.5 mW) at 790 nm. (b) Polarisation dependence of the
SH-signal from transferred MONHP4 nanofibers as a function of the rotational angle.
Solid line is a sin2 fit.

It has been reported before that nanofibers from para-hexaphenylene exhibit nonlinear
optical activity, but this can mainly be assigned to surface second harmonic generation
from a continuous organic film (wetting layer) on the growth substrate and from the
nanofiber surfaces [187], according to recent investigations on transferred nanofibers [9].
The amount of true second harmonic generation from the nanofibers of p-hexaphenylene
is reported to be in order of a few percent of the two-photon luminescence intensity at
infrared femtosecond excitation around 800 nm.

The non-symmetrically functionalised p-quaterphenylenes, however, behave differently.
For the observation of the fibers’ intrinsic properties, nanofibers obtained from MONHP4
have been transferred from mica to glass (silicon oxide) using a standard procedure [184,
185] in order to avoid second-harmonic generation from the underlying substrate and a
wetting layer.

The nonlinear optical properties of the nanofibers have been investigated by Jonathan
Brewer [188], University of Southern Denmark, with two different approaches (see Chapter
Experimental for details): (I) For measurements of polarised optical spectra, a femtosec-
ond pulsed laser was used to excite the nanofibers at different wavelength within the near
infrared. (II) A laser scanning confocal microscope (LSM) coupled with a Ti:sapphire laser
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for two photon excitation experiments served to obtain three-demensional SHG images of
individual needdles. The morphology of the respective fibers was imaged by atomic force
microscopy.

Fig. 6.2: (a) Three-dimensional representation of the measured SH intensity (9.8 ×
1.8 µm2, resolution 500 nm) from transferred MONHP4 fibers. ´Height scale´ refers to
relative SH intensity. (b) Three dimensional AFM image of the same fibers (height scale
150 nm). From [9]. (c) and (d) Two-dimensional imaging of MONHP4 nanofibers, using
a femtosecond confocal microscope. The inset shows a dark field image of the same fibers.
From [6].

Upon irradiation with femtosecond pulses, a strong second-harmonic peak was ob-
served, clearly proving true second harmonic generation from the bulk of the fiber [9]. As
expected the signal shifts with the excitation wavelength. Fig.6.1(a) shows the emission
of a SH-signal from transferred MONHP4 fibers and for comparison the emission from
p6P nanofibers on muscovite mica. Obviously the MONHP4 nanofibers emit a strong
SH-signal, whereas the frequency doubled signal originating from the p6P nanofibers can-
not even be seen in this graph. Only the fluorescence signal of the p6P fibers based on
two-photon absorption is clearly visible.

The SHG intensity was measured as a function of the excitation light´s polarisation an-
gle with respect to the fixed transition dipole moment vector of the MONHP4 molecules for
an array of nanofibers on the mica substrate. A damped sin2 course is found (Fig.6.1(b)).
The damping is due to bleaching. The sin2 fit shows the ideal course according to Malus
law. The polarisation ratio was defined as:

(Imax − Imin)/(Imax + Imin) = 0.96 ± 0.05 (6.3)

This large polarisation ratio of the fibers indicates good alignment of the molecules and
thus a high degree of crystallinity of the fibers. This crystallinity is conserved during
the transfer process to glass. Thus, the first example of freely transferrable nanofiber
frequency doublers from designed organic molecules is given.
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Also measurements on single MONHP4 nanofibers have been performed with the laser
scanning microscope (LSM) to give spatially resolved imaging of the SH-intensity com-
bined with morphologically investigations by means of atomic force microscopy. A local
variation of the SH intensity in transmission and in reflection has been observed simul-
taneously. Optically imaged fibers have been marked by ablating patterns around the
fibers, which could then be identified in an inverted optical microscope situated below the
AFM. Therefore, it was possible to obtain three-dimensional images by LSM and AFM
of the very same fiber. The three-dimensional plots for an assembly of three MONHP4
nanofibers are shown in Fig.6.2. Obviously the height profile and the SH intensity profile
are not in coincidence. A closer look reveals that the SH intensity increases at inhomo-
geneous areas along the fiber such as breaks or bends. This means that the SH signal
intensity does not simply correlate to the amount of deposited material in contrast to the
two-photon luminescence, but depends sensitively on local surface morphological varia-
tions. Hence, the generation of the SH signal is not only given by the intrinsic large
hyperpolarisability of the molecular building block. Its local variation along individual
nanofibers is dominated by local field enhancement of the responsible effective dielectric
function of the nanofibers. The local field enhancement, in turn, is due to the local
changes in the fibers´s morphology (for details see [9, 189]).

Using a laser scanning microscope it is obviously possible to image the nanofibers using
second harmonic generation (Fig.6.2(c),(d)). That way SHG imaging is an interesting,
label-free new method, which can be used as a complement to traditional fluorescence
laser scanning microscopy.

Similar investigations concerning their potential as nanoscaled frequency doublers were
performed on nanofibers from two other differently di-functionalised p-quaterphenylene
oligomers, namely MOCLP4 and MOCNP4, but only for the arrays of nanofibers on
their muscovite mica substrate. The basic difference between those and the MONHP4
nanofibers is, that the latter ones can be considered as non-fluorescencent, whereas the
nanostructures from MOCLP4 and MOCNP4 emit intense blue fluorescence light.

It has been discussed above that MOCLP4 oligomers self-assemble into two morpho-
logically different nanostructure types depending on the substrate temperature. The
low temperature case leads to mutually aligned nanobranches. Upon excitation of these
MOCLP4 nanobranches with femtosecond near infrared laser pulses (100 fs) at different
wavelengths, they show a pronounced SH signal (Fig.6.3(a)). As expected the SH signal
shifts with the wavelength of the exciting laser beam. An accompanying fluorescence sig-
nal appears for excitation wavelengths shorter than 800 nm. This fluorescence spectrum
is the same as obtained after continuous wave excitation with UV light.

The polarisation ratio for MOCLP4 nanofibers was ascertained to be 0.71 ±0.05 ac-
cording to Equ.6.3, which is significantly lower than in the case of MONHP4 nanofibers.

82



Fig. 6.3: (a) Emission of second harmonic signal from MOCLP4 nanobranches on mus-
covite mica after excitation with femtosecond near infrared laser pulses (100 fs) at different
wavelengths (770 nm, 790 nm, 830 nm). The fluorescence spectrum after cw UV excita-
tion is shown for comparision as well. (b) Polarisation dependence of the SH-signal from
MOCLP4 nanofibers as a function of the rotational angle. Solid line is a sin2 fit indicating
an ideal course without damping. Arrows mark the measured polarisation minima.

This is not necessarly due to a lower degree of crystallinity. The polarisation ratio was
measured for an array of nanobranches, which show slightly different growth directions:
the part before the fiber splits and the branches, which show no bilateral symmetry, i.e.
one branch is significantly longer for most branches (cf. Chapter Growth). The polarisa-
tion dependent measurement for the SH signal´s intensity reveals four polarisation minima
(Fig.6.3(b)). This militates for two different crystallographic orientations of the molecules
within the nanoaggregates, each reflected by two different polarisation directions leading
to overall four minima for the whole 360° circle. This in turn is a possible explanation
why at the minimum SH intensity is still a certain intensity left: not every SH intensity
can be cut out by the polariser at the same time.

For the nanofibers of MOCNP4, the walking sticks, a polarisation ratio of 0.98 ±0.05

can be found (Fig.6.4(b)), which is the highest among the nanostructures from the differ-
ently di-functionalised oligomers. Again the damped course of the measured SH intensity
is due to bleaching. Upon irriadiation with femtosecond laser pulses at 790 nm a strong
SH signal can be observed (Fig.6.4(a)). The fluorescence is clearly excited as well.

For mono functionalised p-quaterphenylenes optical SHG has been recorded after ex-
citation of the arrays of nanofibers on the mica substrate with femtosecond laser pulses
within the near infrared. An exemplary spectrum of the SH-signal originating from the
nanofibers of CNHP4 after irradiation with 100 fs laser pulses at 826 nm is shown in
Fig.6.5. For this excitation wavelength the fluorescence is not excited. The nanoaggre-
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Fig. 6.4: (a) Emission of second harmonic signal from MOCNP4 nanofibers on muscovite
mica after excitation with femtosecond near infrared laser pulses (100 fs) at 790 nm. (b)
Polarisation dependence of the SH-signal from MOCNP4 nanofibers as a function of the
rotational angle. Solid line is a sin2 fit indicating an ideal course without damping.

gates of all four mono functionalised p-quaterphenylenes show clear SH-signals: they act
as nanoscaled frequency doublers.

Fig. 6.5: SHG origination from nanofibers of CNHP4 on muscovite mica after excitation
with femtosecond laser pulses (100 fs) at 826 nm.

Also a cautious qualitative order of the SHG intensities for the four different oligomers
is given. A quantitative comparison of the SH signal´s intensities is not possible so far,
because the intensity is strongly influenced by local changes of the nanostructure´s mor-
phology (see discussion above) and nominal film thicknesses of the sample, and because
of difficulties finding a reliable reference for the measurements. Only a careful qualita-
tive comparison can be made. The SH signal´s intensities have been measured for arrays
of nanostructures on the mica substrate under similar conditions, i.e. same excitation
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wavelength and power and nominal film thicknesses of the samples, which results in the
following qualitative order:

CNHP4 >> NMeHP4 > MOHP4 > CLHP4

The SH-signal from the CNHP4´s nanofibers is about 80 times stronger compared to the
other nanofibers. Between NMeHP4, MOHP4 and CLHP4 are only minor differences
concerning the intensities of the SH-signal.

A similar trend has been found for the differently functionalised oligomers, i.e. the
following qualitative order of SH intensities can be found:

MOCNP4 > MONHP4 > MOCLP4

Functionalisation with a cyano group leads to strong SH signals, whereas functionalisation
with a chloride group results in significantly lower SH intensities.
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7.1 Organic Molecular Beam Epitaxy (OMBE)

Preparation of the organic films takes place in a three-chamber UHV chamber under
high vacuum [190]. UHV is possible, but for screening of different oligomers and process
parameters high vacuum is sufficient. Fig.7.1 shows schematically the organic molecular
beam epitaxy (OMBE) apparatus.

Fig. 7.1: The high vacuum chamber used for OMBE constitutes of three different sec-
tions: (I) magnetically coupled transfer system, (II) deposition chamber including a Knud-
sen sublimation cell and watercooled quartz microbalance system, and (III) characteri-
sation chamber equipped with a MCP-LEED. Pressure as indicated is measured by a
Bayard-Alpert ionisation gauges.

First a freshly cleaved muscovite mica sample is introduced into the transfer chamber
(I). Without breaking the vacuum samples are moved into the deposition chamber (II)
(base pressure 5× 10−8 mbar) using a magnetically coupled transfer system. The organic
molecule deposition has been performed via sublimation from a home built Knudsen cell.
The deposition rate (0.1 - 0.2 Å/s) and the nominal film thicknesses were monitored by
a watercooled quarz microbalance (Inficon XTC/2). The mica sample can be heated by
a tungsten filament from underneath in a controlled fashion. Since the mica sheet is
mounted on a copper plate heating is homogeneous. The sample temperature is deter-
mined via the filament current and a previously measured reference curve. A Ni-NiCr
thermocouple was clamped on top of a reference mica sheet to allow for its poor ther-
mal conductivity temperature measurement. The third part of the vacuum system (III)
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(base pressure 5 × 10−9 mbar) is used for in-situ characterisation of the deposited films
by low-energy electron diffraction (LEED). The LEED apparatus (Omicron MCP-LEED)
was equipped with two multi-channelplates to limit the electron current density on the
substrate and therefore minimize beam damage effects and reduce charging.

Before deposition the molecules were kept in high vacuum for at least eight hours and
heated just below the sublimation temperature for half an hour in order to outgas and
to remove residual organic solvents and water. The pressure during deposition increased
to about 8× 10−7 mbar. As growth substrate freshly cleaved muscovite mica (grade V-4
from Structure Probe, Inc.) was used. After immediate transfer into the high vacuum
chamber, the mica substrate was heated for at least two hours for outgassing purposes.

7.2 Epifluorescence and Darkfield Microscopy

An optical microscope is an instrument for viewing objects, which are too small to be
seen by the naked eye, by using light and a system of magnifying lenses. They are the
most widely used types of microscopes and trace their history almost back for 400 years.
In context of this thesis a Nikon eclipse microscope is utilised for imaging samples by
epifluorescence or sometimes in darkfield illumination technique.

Fig. 7.2: Sketches of (a) epifluorescence microscopy and (b) darkfield microscopy.

To obtain an epifluorescence microscopy image the specimen needs to be fluorescent.
It is irradiated with UV-light (λmax ≈ 365 nm) from a high pressure mercury lamp. The
emitted fluorescence light is collected by an magnifying objective and the illumination
light is cut off by a dichroic mirror, Fig.7.2(a). Since most of the nanofibers show bright
fluorescence they are ideal specimen and give respectable images. Non-fluorescent samples
are imaged by use of a darkfield condensor. The objective does not collect the light from
the light source, a halogen lamp, but only scattered light from the features of the sample,
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Fig.7.2(b). This produces a dark background and enhances the contrast of the image
compared to conventional bright field. For both ilumination techniques the images can
by viewed through an eypiece or pictures can by taken by a digital camera.

The overall magnification is the product of the magnifications from the objective and
the ocular (eyepiece). It is up to 1000× for the used microscope. The resolution of optical
microscopes is in general given by the Abbe-limit. It roughly says that features have to
be in a distance of more than d = λ/2 to be resolved as distinct features, whereas λ is
the wavelength of the light emitted by the specimen, here ≈ 200 nm.

Additionally, the microscope is equipped with filters to reduce the intensity of the illu-
minating UV-light and with a polariser to perform polarisation depending measurements
of the emitted fluorescence light (see below).

7.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) – invented 1986 by Binning, Quate and Gerber [191]
– is very different from optical microscopy. There is no need for an illuminating light
source, no lenses and no eyepiece to look through. The imaging technique consists of a
mechanical device, which measures small forces between probe and sample. An atomic
force microscope is one of the many possible scanning probe microscopes, which is widely
used [192]. For this thesis the JPK NanoWizard was used.

Fig. 7.3: Tip shape issues: Effect of the tip shape on the images (left hand side) and
relationship between observed width W and the diameter of the probe tip (right hand
side). See text for further explanations. From [193].

It utilises a flexible silicon cantilever as a type of spring to measure the force between
a sharp tip and the sample. The local attractive and repulsive force is converted into a
bending, or deflection, of the cantilever. The deflection is measured by a laser beam that
is reflected from the back of the cantilever onto a detector. A photodetector is used, which
converts the light signal into an electrical signal to produce the image. As the cantilever
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deflects, the angle of the reflected laser beam changes, and the spot falls on different parts
of the photodetector. The signals from the four quadrants of the detector are compared
to calculate the deflection signal, see Fig.7.4. This signal refers to the topography of the
sample when the tip is scanned over the surface. The resolution is given by the quality
of the tip, mainly by its sharpness. It can be manufactured with an end radius of a few
nanometer. Images show artefacts if the tip is damaged or contaminated. The image is
often some combination of the tip shape and the true surface topography, Fig.7.3. The
scheme on the left hand side gives an impression of how the tip shape influences the
image of a given feature on the sample, here a perfect rectangular step on the surface.
None of the tips shown really produce an exact image of the feature. The sharpest,
narrowest tip produces the most accurate representation of the surface. For measuring
very narrow structures (below 10 nm) the width of the feature is observed significantly
wider than it is, Fig.7.4. The relationship between the observed width W of a feature and
the diameter of the probe tip can be calculated for an idealised tip shape, such as shown
on the right hand side. For R >> d, W =

√
8dR. The observed width would be W =

20 nm for R = 10 nm and d = 5 nm. This lateral resolution is lower than the resolution
of the structures´ heights, which can be measured to an accuracy of single nanometers.
In general an AFM provides significantly higher resolution than an optical microscope
and shows the topography. Therefore it is used for detailed analysis of the nanofiber´s
morphology.

Fig. 7.4: Sketch of an atomic force microscope (left hand side). Basic operation modes
are contact mode and intermittent contact mode (right hand side). From [193].

An AFM has two basic operation modes (cf. Fig.7.4): (I) In the contact mode the
tip never leaves the surface, so it can be used for very high resolution imaging down to
atomic resolution of e.g. inorganic crystals. (II) In intermittent contact mode the tip is
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oscillating perpendicular to the surface while moving over the sample. Since the lateral
forces are much lower than in contact mode, it can be used for imaging soft samples,
which have objects not firmly stuck to the surface without moving them around. Thus,
the intermittent contact mode is favourable for organic nanoaggregates on a mica substrate
and is used for all AFM imaging in this thesis. The cantilever is driven close to a resonance
of the system to give reasonable amplitude for the oscillation and also phase information.
The resonant frequency of the cantilever depends on its mass and spring constant; stiffer
cantilevers have higher resonant frequencies. Typically they are in the range of 200 - 400
kHz with spring constants more than 10 N/m for the use in air.

7.4 Measurement of optical properties

Fluorescence spectra have been recorded after continous wave (cw) UV excitation of the
aggregates with a He:Cd laser at an emission wavelength of 325 nm on the mica substrate,
Fig.7.5. Irradiation took place at the top side of the sample in this case to avoid absorption
of UV light from the mica substrate. The emission light from the nanofibers was sent
through lenses to a cooled CCD spectrometer (resolution 1 nm).

Fig. 7.5: Sketch of experimental setup for measurement of fluorescence spectra.

For measurements of SHG optical spectra a Spectra Physics Tsunami femtosecond res-
onator was used to excite the nanofibers at wavelengths between 750 nm and 850 nm. The
resulting light emission from the fibers was sent through a series of lenses and bandpass
filters to a cooled CCD spectrometer (resolution 1 nm), Fig.7.6(a). For imaging and inves-
tigations of the SHG as a function of excitation wavelength a laser scanning microscope
(LSM) was used. A laser scanning confocal microscope (Zeiss LSM 510 META) coupled
with a Spectra Physics Mai-Tai (wideband, 710-990 nm) Ti:sapphire laser for two photon
excitation experiments served to obtain three-dimensional images of individual needles.
The excitation power of the laser at different wavelengths was measured directly at the
sample position so as to know the real excitation power at the sample. The SHG signal
from the sample could be recorded in transmission with a photomultiplier (PM) above
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the sample and in reflection with a photomultiplier (PM) below the sample, Fig.7.6(b).1

Fig. 7.6: (a) Sketch of experimental setup for measurement of SHG optical spectra. (b)
Schematics of the LSM setup. From [188].

Measurements of polarisation dependence have been performed in a fluorescene micro-
scope (see above). The samples have been irradiated with unpolarised UV light from a
high pressure mercury lamp (λexc = 365 nm). Pictures were taken through a polariser
with a CCD camera as a function of the polarisation angle (5°-steps). Evaluation of this
picture series leads to polarisation properties with respect to fiber orientations. The an-
gular distribution of fluorescence can be fit by Malus law. It says that when a perfect
polariser is placed in a linearly polarised beam of light, the intensity, I, of the light that
passes through is given by

I = I0 · cos2θi (7.1)

where I0 is the initial intensity, and θi is the angle between the light’s initial plane of
polarisation and the transmission axis of the polariser. Here the maxiumum intensity of
light indicates the polarisation direction of the nanofibers´ fluorescence.

7.5 Further Characterisation Methods

• UV/Vis absorption spectra in solution have been measured on a Jena Analytic
Specord 200 spectrometer in a 1 cm quartz cuvette.

• Fluorescence spectra in solution have been recorded on an Amico Bowman AB2
spectrometer in a 1 cm quartz cuvette.2

1Jonathan Brewer is thanked for setup and performance of the SHG measurements.
2Ivonne Wallmann, University of Bonn is thanked for the measurements.
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• 1H- and 13C-NMR spectra were recorded at 300 K in CDCl3 solutions on a Bruker
Avance 500 spectrometer at 500.1 and 125.8 MHz, respectively. 1H-NMR chemical
shifts are reported on the δ-scale in ppm relative to residual nondeuterated solvent
as internal standard. 13C-NMR chemical shifts are reported on the δ-scale in ppm
relative to deuterated solvent as internal standard.3

• The mass spectra were taken on a Finnigan MAT 95 with data system DEC-Station
5000 (EI, HiRes-EI, CI, HiRes-CI, isobutane or NH3).4

3Central Analytics, University of Oldenburg, D. Neemeyer and M. Rundshagen are thanked for the
measurements.

4Central Analytics, University of Oldenburg, F. Fabretti is thanked for the measurements.
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7.6 Organic Synthesis

7.6.1 General remarks

4,4,5,5-tetramethyl-1,3,2-dioxaborolane, (4-bromophenyl)boronic acid, (4-chlorophenyl)-
boronic acid, (4-methoxyphenyl)boronic acid, (4-nitrophenyl)boronic acid, (4-cyanophe-
nyl)boronic acid, tert-butyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)- phenylcarba-
mate, 1-(diphenylphosphino)-2-(2-(diphenylphosphino)phenoxy)benzene, 4,4´- biphenyl-
diboronic acid bis(neopentyl glycol)ester, 4-,4´-dibromobiphenyl, 4-iodonitrobenzene, ce-
sium fluoride, tetrakis(triphenylphosphino)palladium(0) ([Pd(PPh3)4]), and palladium-
(II)acetate (Pd(OAc)2) were purchased from ABCR, Sigma-Aldrich, or Atlantic Scientific
Co. and used as received. Bis(triphenylphosphino)palladium(II)-chloride
(Pd(PPh3)2Cl2)) was prepared following a published procedure [194]. Most solvents were
dried, distilled and stored under argon according to standard procedures. Reactions with
air- and moisture-sensitive transition metal compounds were performed under an argon
atmosphere in oven-dried glassware using standard Schlenk techniques. Thin-layer chro-
matography was performed on aluminum TLC-plates (silica gel 60 F254) from Merck.
Detection was done by UV-light (254 or 366 nm). Products were purified by column chro-
matography on silica gel 60 (70-230 mesh or 230-400 mesh) from Merck or by extraction
and washing procedures. Since all of the p-quaterphenylenes were obtained as amorphous
solids they generally did not give sufficient elemental analyses due to residual amounts of
solvents within the powder-like solids. These could not be completely removed even after
heating for longer periods of time in standard laboratory high vacuum (10−3 mbar). Thus
high-resolution MS data are given instead.

7.6.2 Symmetrically functionalised para-Quaterphenylenes

1,4´´´-Dimethoxy-4,1´:4´,1´´:4´´,1´´´-quaterphenylene (MOP4)
[112, 195–197]

Under an argon atmosphere 1.1 g (3.4 mmol) of 4,4´-dibromobiphenyl, 1.14 g (7.48 mmol,
2.2 equivalents) of 4-methoxyphenylboronic acid, 1.93 g (12.68 mmol, 4 equivalents) of
cesium fluoride, and 110 mg (0.10 mmol, 3 mol%) of [Pd(PPh3)4] were dissolved in 60
mL of abs. THF and refluxed for 50 hours. The product precipitated from the reaction
mixture and was collected by filtration. The crude product was washed repeatedly with
dichloromethane and water to give 1.26 g (3.4 mmol, quant.) of MOP4 as a colourless
amorphous solid.
1H-NMR (CDCl3, δ [ppm] ): 3.86 (6 H, s), 6.99 (4 H, d, J = 8.5 Hz), 7.58 (4 H, d, J =
8.5 Hz), 7.64 (4 H, d, J = 8.3 Hz), 7.69 (4 H, d, J = 8.3 Hz).
MS (CI, isobutane): m/z 367.1 (M+H+).
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HR-MS (EI): calcd. for C26H22O2: 366.1620; found: 366.1622.
UVvis (dichloromethane): λmax = 310 nm.

1,4´´´-Dichloro-4,1´:4´,1´´:4´´,1´´´-quaterphenylene (CLP4) [198–200]

Under an argon atmosphere 631 mg (2.0 mmol) of 4,4´-dibromobiphenyl, 655 mg (4.2
mmol, 2.1 equivalents) of 4-chlorophenylboronic acid, 1.22 g (8.0 mmol, 4 equivalents) of
cesium fluoride, and 110 mg (0.10 mmol, 5 mol%) of [Pd(PPh3)4] were dissolved in 60
mL of abs. THF and refluxed for 50 hours. The product precipitated from the reaction
mixture and was collected by filtration. The crude product was washed repeatedly with
dichloromethane and water to give 690 mg (1.84 mmol, 92%) of CLP4 as a colourless
amorphous solid.

1H-NMR (CDCl3, δ [ppm]): 7.42 (4 H, d, J = 8.4 Hz), 7.57 (4 H, d, J = 8.4 Hz), 7.64 (4
H, d, J = 8.1 Hz), 7.71 (4 H, d, J = 8.1 Hz).
MS (CI, isobutane): m/z 375.1 (M+H+).
HR-MS (EI): calcd. for C24H16Cl2: 374.0629; found: 366.0623.
UVvis (dichloromethane): λmax = 304 nm.

1,4´´´-Dicyano-4,1´:4´,1´´:4´´,1´´´-quaterphenylene (CNP4)

Under an argon atmosphere 452 mg (1.45 mmol) of 4,4´-dibromobiphenyl, 450 mg (3.05
mmol, 2.1 equivalents) of 4-cyano phenyl boronic acid, 881 mg (5.8 mmol, 4 equivalents)
of cesium fluoride, and 84 mg (0.07 mmol, 5 mol%) of [Pd(PPh43)4] were dissolved in
50 mL of abs. THF and refluxed for 50 hours. After cooling to room temperature the
reaction mixture was diluted with n-hexane and water. The precipitate was collected by
filtration and washed repeatedly with ethylacetate and water for purification to give 421
mg (1.18 mmol, 81%) of CNP4 as a colourless amorphous solid.
1H-NMR (CDCl3, δ [ppm]): 7.70 (4 H, d, J = 8.2 Hz, H-7), 7.72 - 7.77 (12 H, m, H-3,
H-4, H-8).
13C-NMR (CDCl3, δ [ppm]): 111.1 (C-2), 118.8 (C-1), 127.6 (C*-4), 127.7 (C*-7, C*-8),
132.6 (C-3), 138.4 (C*-6), 140.5 (C*-9), 144.9 (C-5).
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MS (CI, isobutane): m/z 357.4 (M+H+).
HR-MS (EI): calcd. for C26H16N2: 356.1313; found: 356.1312.
UVvis (dichloromethane): λmax = 303 nm.

1,4´´´-Di-N,N-dimethylamino-4,1´:4´,1´´:4´´,1´´´-quaterphenylene (NMeP4)
[201]

Under an argon atmosphere 567 mg (1.50 mmol) of 4,4´-biphenyldiboronic acid bis-
(neopentyl glycol)ester, 549 mg (3.19 mmol, 2.2 equivalents) of 4-bromo-N,N-dimethyl
aniline, 684 mg (4.5 mmol, 3 equivalents) of cesium fluoride, and 87 mg (0.075 mmol, 5
mol%) of [Pd(PPh3)4] were dissolved in 60 mL of abs. THF and refluxed for 50 hours.
The grey precipitate was filtered off, washed with tetrahydrofurane and water. After
suspending the precipitate in about 100 mL of dichloromethane, trifluoroacetic acid was
added in small portions and the remaining grey-black residue was removed by filtration.
Upon adding of small portions of 10 M aqueous sodium hydroxide to the filtrate the
crude product precipitated and was collected by filtration. It was washed repeatedly with
dichloromethane and water to give 569 mg (1.45 mmol, 96%) of NMeP4 as a light yel-
low amorphous solid that turned out to be slightly contaminated with a byproduct. For
further purification the crude product was dissolved in about 100 mL of dichloromethane
containing a few mL of trifluoroacetid acid. Then about 100 mL of n-hexane were added
to give a colourless precipitate. After 2 hours of sedimentation the precipitate was col-
lected by filtration, washed repeatedly with dichloromethane and water to give 318 mg
(0.81 mmol, 54%) of 7 as a colourless amorphous solid.

1H-NMR (CDCl3:trifluoroacetic acid 3:1, δ [ppm]): 3.40 (6 H, s, H-1), 7.58 (4 H, d, J =
8.6 Hz, H-4), 7.68 (4 H, d, J = 8.2 Hz, H-8), 7.78 (4 H, d, J = 8.2 Hz, H-7), 7.84 (4 H,
d, J = 8.6 Hz, H-3), 10.0 (2 H, broad s, protonated −NMe2).
13C-NMR (CDCl3:trifluoroacetic acid 3:1, δ [ppm]): 120.2 (C-4), 127.8 (C-8), 127.9 (C-7),
129.6 (C-3), 137.8 (C-5), 140.6 (C-2), 140.8 (C-9), 144.3 (C-6).
MS (EI): m/z 392.2 (M+).
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HR-MS (EI): calcd. for C28H28N2: 392.2252; found: 392.2251.
UVvis (dichloromethane:trifluoreoacetic acid 10:1): λmax = 303 nm.

1,4´´´-Diamino-4,1´:4´,1´´:4´´,1´´´-quaterphenylene (NHP4) [92]

Under an argon atmosphere 308 mg (1.0 mmol) of 4,4´-dibromo biphenyl, 668 mg (2.1
mmol, 2.1 equivalents) of tert-butyl- 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phe-
nylcarbamate, 608 mg (4.0 mmol, 4 equivalents) of cesium fluoride, and 56 mg (0.05 mmol,
5 mol%) of [Pd(PPh3)4] are dissolved in 40 mL of abs. THF and refluxed for 50 hours.
The precipitate was collected by filtration and washed repeatedly with tetrahydrofurane
and water to give a light yellow amorphous solid. This was suspended in dichloromethane
and cooled to 0 °C. Then 12 mL of trifluoroacetic acid were added dropwise and the
resulting solution was stirred for 6 hours at room temperature. After removing of some
grey insoluble residues by filtration, the solution was made alkaline by adding 20 mL of
2 M aqueous sodium hydroxide dropwise to precipitate the product from the reaction
mixture. The residue was collected by filtration and washed repeatedly with water and
dichloromethane to give 310 mg (0.92 mmol, 92%) of NHP4 as a slightly coloured amor-
phous solid.

1H-NMR (CDCl3:trifluoroacetic acid 3:1, δ [ppm]): 7.47 (4 H, d, J = 8.3 Hz, H-4), 7.68
(4 H, d, J = 8.3 Hz, H-8), 7.76 (4 H, d, J = 8.3 Hz, H-7), 7.79 (4 H, d, J = 8.3 Hz, H-3),
8.77 (6 H, broad s, H-1).
13C-NMR (CDCl3:trifluoroacetic acid 3:1, δ [ppm]): 123.1 (C-4), 127.2 (C-2), 127.8 (C*-
8), 127.9 (C*-7), 129.2 (C-3), 138.2 (C-5), 140.6 (C-9), 143.6 (C-6).
UVvis (dichloromethane): λmax = 324 nm.
UVvis (dichloromethane:trifluoreoacetic acid 10:1): λmax = 300 nm.
No mass spectra could be obtained.

1,4´´´-Dinitro-4,1´:4´,1´´:4´´,1´´´-quaterphenylene (NOP4) [92, 112, 202]

Under an argon atmosphere 378 mg (1.00 mmol) of 4,4´-biphenyldiboronic acid bis-
(neopentylglycol)ester, 548 mg (2.2 mmol, 2.2 equivalents) of 4-iodo-nitrobenzene, 608
mg (4.08 mmol, 4 equivalents) of cesium fluoride, and 58 mg (0.05 mmol, 5 mol%) of
[Pd(PPh3)4] were dissolved in 50 mL of abs. THF and refluxed for 50 hours. After cool-
ing to room temperature the reaction mixture was diluted with n-hexane and water. The
precipitate was collected by filtration and washed repeatedly with tetrahydrofurane and
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water for purification to give 303 mg (0.76 mmol, 76%) of NOP4 as a yellow amorphous
solid.

1H-NMR (CDCl3:trifluoroacetic acid 3:1, δ [ppm]): 7.78 (4 H, d, J = 8.4 Hz, H-6), 7.83
(4 H, d, J = 8.4 Hz, H-7), 7.86 (4 H, d, J = 8.8 Hz, H-3), 8.36 (4 H, d, J = 8.8 Hz, H-2).
13C-NMR (CDCl3:trifluoroacetic acid 3:1, δ [ppm]): 124.7 (C-2), 128.2 (C-6, C-7), 128.3
(C-3), 138.3 (C-5), 141.4 (C-8), 146.8 (C-1), 148.6 (C-4).
MS (CI, isobutane): m/z 397.1 (M+H+) 100%, 398.1 (M+H+) 26%.
HR-MS (EI): calcd. for C24H16N2O4: 396.1109; found: 366.1110.
UVvis (dichloromethane): λmax = 347 nm.

1,4´´´-Di(2,5-dimethyl-1H-pyrrolyl)-4,1´:4´,1´´:4´´,1´´´-quaterphenylene
(PYRP4)

Under an argon atmosphere 4,4´-biphenyldiboronic acid bis(neopentyl glycol)ester (750
mg, 2.00 mmol), p-(2,5-Dimethyl-1H-pyrrolyl-1-yl)iodbenzene (1.25 g, 4.2 mmol, 2.1 equiv-
alents), cesium fluoride (1.22 g, 8.0 mmol, 4 equivalents) and tetrakis(triphenylphosphine)-
-palladium(0) (69 mg, 0.06 mmol, 3 mol%) were dissolved in 50 mL of abs. THF and
refluxed for 50 hours. The pyrrole protected crude product was washed with tetrahy-
drofurane and water to give a brown amorphous solid, which can be purified by re-
fluxing for 50 h with 2.7 g hydroxylamine hydrochloride (40.0 mmol, 20 equivalents)
in ethanol/water/triethylamine (20:11:3). Usually these conditions are applied to achieve
cleavage of the pyrrole protecting group. The product was collected by filtration as a light
brown solid yielding 886 mg (1.8 mmol, 90%).

1H-NMR (CDCl3, δ [ppm]): 2.09 (12 H, s), 5.92 (4 H, s), 7.30 (4 H, d, J = 8.2 Hz), 7.71
- 7.78 (12 H, m).
MS (CI, isobutane): m/z 493.2 (M+H+).
UVvis (dichloromethane): λmax = 308 nm.
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1,4´´´-Diaza-4,1´:4´,1´´:4´´,1´´´-quaterphenylene (PYP2) [203–205]

Under argon atmosphere 4,4´-biphenyldiboronic acid bis(neopentyl glycol)ester (361 mg,
1.3 mmol), 4-iodpyridine (560 mg, 2.7 mmol, 2.1 equivalents), cesium fluoride (790 mg,
5.2 mmol, 4 equivalents) and tetrakis(triphenylphosphine)-palladium(0) (45 mg, 0.039
mmol, 3 mol%) were dissolved in 60 ml abs. tetrahydrofurane and refluxed for 50
hours. The precipitate was collected by filtration and washed for purification with wa-
ter, dichloromethane and ethylacetate to give 215 mg (0.69 mmol, 54%) of a colourless
amorphous solid. The attempt to crystallize from chloroform and methanol caused only
formation of an amorphous chloroform-adduct with even decreased solubility.

1H-NMR (acetone-d6:trifluoroacetic acid, δ [ppm]): 7.88 (4 H, d, J = 8.3 Hz), 8.00 (4 H,
d, J = 8.3 Hz), 8.39 (4 H, d, J = 6.6 Hz), 8.91 (4 H, d, J = 6.6 Hz).
MS (EI): m/z 308.1 (M+), 154.0 (M2+).
HR-MS (EI): calcd. for C16H16N2: 308.1314; found: 308.1316.
UVvis (dichloromethane): λmax = 302 nm.

7.6.3 Non-symmetrically functionalised para-Quaterphenylenes

7.6.3.1 Precursors: phenyl building blocks

p-(2,5-Dimethyl-1H-pyrrolyl-1-yl)iodbenzene (PYRIP)[206, 207] In a 100 mL flask
1643 mg (7.5 mmol) p-iodaniline, 0.922 mL (7.9 mmol, 1.05 equivalents) acetonylacetone
and 23 mg p-toluene sulfonic acid were solved in toluene and refluxed under Dean-Stark
conditions for 5 h. The toluene phase was washed with aqueous sodium hydrogen car-
bonate and water, dried over sodium sulphate and concentrated. The crude product was
purified by chromatography (HE/EE 5:1) to give 1602 mg (5.4 mmol, 72%) of a blue-
brown solid.

1H-NMR (CDCl3, δ [ppm]): 2.0 (6 H, s, H-3), 5.8 (2 H, s, H-1), 6.95 (2 H, d, J = 8.5 Hz,
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H-5), 7.77 (2 H, d, J = 8.5 Hz, H-6).
13C-NMR (CDCl3, δ [ppm]): 12.9 (C-3), 92.9 (C-7), 106.1 (C-1), 128.6 (C-2), 130.1 (C-5),
138.3 (C-6), 138.7 (C-4).
MS (CI, isobutane): m/z 297.9 (M+H+).

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolyl)-N,N-dimethylaniline (NMePEP) [208,
209] A two-neck-flask was charged under argon with 600 mg (3.0 mmol) 4-bromo-
N,N -dimethylaniline, 33 mg (0.15 mmol, 5 mol%) Pd(OAc)2 and 162 mg (0.30 mmol,
10mol%) 1-(diphenylphosphino)-2-(2-(diphenylphosphino)phenoxy)benzene. Via syringe
were added 20 mL dry dioxane, 1.7 mL (12.0 mmol, 4 eqivalents) dry triethylamine and
0.87 mL (6.0 mmol, 2 equivalents) 4,4,5,5-tetramethyl-1,3,2-dioxaborolane. The reaction
mixture was heated to 100°C for 20 hours. After cooling to room temperature the reaction
mixture was quenched with a sat. solution of NH4Cl. The aqueous phase was extracted
with dichloromethane. The organic phase was dried and concentrated. The crude prod-
uct was purified by chromatography (n-hexane / ethyl acetate 3:1 + 5% triethylamine)
to give 705 mg (2.85 mmol, 95%) of a fawn solid.

1H-NMR (CDCl3, δ [ppm]): 1.31 (s, 12 H, H-7), 2.97 (s, 6 H, H-1), 6.68 (d, 2 H, J = 8.5
Hz, H-3), 7.68 (d, 2 H, J = 8.5 Hz, H-4).
13C-NMR (CDCl3, δ [ppm]): 24.8 (C-7), 40.1 (C-1), 83.1 (C-6), 111.2 (C-3), 136.1 (C-4,
C-5), 152.5 (C-2).
MS (CI, isobutane): m/z 248.1 (M+H+).

4-Iodpyridine (PYI) [210] 4-Aminopyridine (2 g, 21.3 mmol) was dissolved in 20 ml
48% aqueous HBF4 and cooled to -10°C. Powdered NaNO2 (1.6 g. 23.3 mmol) was slowly
added. After 30 minutes most of the solvent was removed with a disposable pipette.
A solution of KI (5.6 g, 34.1 mmol) in 50 mL of an acetone:water (40:60) mixture was
slowly added. After 10 minutes the reaction mixture was decolourized with aqueous
Na2S2O3. The reaction mixture was stirred at room temperature for 8 hours and then
neutralised with saturated aqueous sodium carbonate and extracted 3 times with diethyl
ether. The organic layer was washed with aqueous Na2S2O3 and water and dried over
sodium sulphate. The solvent was carfully removed and the crude product was purified
by sublimation to give 2.3 g (11.2 mmol, 53%) of white crystals.
1H-NMR (CDCl3, δ [ppm]): 7.68 (2 H, d, J = 6.0, H-2), 8.26 (2 H, d, J = 6.0, H-1).
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13C-NMR (CDCl3, δ [ppm]): 105.4 (C-3), 133.2 (C-2), 150.2 (C-1).
MS (CI, isobutane): m/z 205.9 (M+H+), 80.0 (C4H4N+).

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolyl)pyridine (PYPE) [210] To a cooled solu-
tion (-78°C) under argon of 4-iodopyridine (1 g, 4.8 mmol) in 60 mL dry diethyl ether
was slowly added a 1.6 M n-buthyl-lithium solution (3.8 mL, 6.1 mmol, 1.2 equivalents)
followed 30 minutes later by trimethyl borate (0.7 mL, 6.1 mmol, 1.2 equivalents). The
reaction mixture was allowed to warm up to room temperature and stirred for 3 hours.
Then pinacol (775 mg, 6.6 mmol, 1.3 equivalents) was added and 10 minutes later glacial
acetic acid (0.3 mL, 5 mmol). The reaction mixture was stirred for 8 hours, filtered
through Celite, the filter washed with dichloromethane : ethanol (3:1) and the filtrate
was evaporated in vacuo. The crude product was washed with acetone to give 636 mg
(3.1 mmol, 65%) of an amorphous white solid.

1H-NMR (CDCl3, δ [ppm]): 1.34 (s, 12 H, H-5), 7.61 (d, 2 H, J = 5.5 Hz, H-2), 8.63 (d,
2 H, J = 5.5 Hz, H-1).
13C-NMR (CDCl3, δ [ppm]): 24.8 (C-5), 84.5 (C-4), 128.7 (C-2, C-3), 149.0 (C-1).
MS (CI, isobutane): m/z 441.1 (2M+H+), 206.0 (M+H+).

7.6.3.2 Precursors: biphenyl building blocks

General procedure A for the synthesis 4´-functionalised 2,5-dimethyl-1H-pyrrole
protected 4-amino-biphenyles A 2-neck-flask equipped with condenser is charged with
600 mg (2.0 mmol) of 4- (2,5-Dimethyl-1H-pyrrol-1-yl)iodobenzene (PYRIP), 2.1 mmol
(1.05 equivalents) of a 4-substituted phenyl boronic acid or ester, 912 mg (6.0 mmol,
3 equivalents) of cesium fluoride, and 69 mg (0.06 mmol, 3 mol%) of [Pd(PPh3)4] are
dissolved in 40 mL abs. THF under an argon atmosphere and refluxed for 15 hours.
After cooling to room temperature the solution is diluted with 50 mL of dichloromethane,
washed with water, dried over sodium sulphate, and concentrated in vacuo. The resulting
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residue is purified by column chromatography on silica to obtain the desired functionalised
biphenyl.

4-(2,5-Dimethyl-1H-pyrrole)-4´-methoxy-biphenyl (MOPYRP2) Treatment of (4-
methoxy phenyl)-boronic acid with PYRIP according to the general Procedure A gave 549
mg (1.98 mmol, 99%) of MOPYRP2 after column chromatography using n-hexane/ethyl
acetate 3:1 as eluent.

1H-NMR (CDCl3, δ [ppm]): 2.07 (6 H, s, H-11), 3.86 (3 H, s, H-1), 5.92 (2 H, s, H-12),
7.00 (2 H, d, J = 8.7 Hz, H-3), 7.24 (2 H, d, J = 8.2 Hz, H-8), 7.57 (2 H, d, J = 8.7 Hz,
H-4), 7.62 (2 H, d, J = 8.2 Hz, H-7).
13C-NMR (CDCl3, δ [ppm]): 13.1 (C-11), 55.3 (C-1), 105.7 (C-12), 114.3 (C-3), 127.1
(C-7), 128.1 (C-4), 128.4 (C-8), 128.8 (C-10), 132.7 (C-5), 137.5 (C-9), 140.1 (C-6), 159.4
(C-2).
MS (CI, isobutane): m/z 278.2 (M+H+).
HR-MS (EI): calcd. for C19H19NO: 277.1467; found: 277.1467.

4-(2,5-Dimethyl-1H-pyrrole)-4´-chloro-biphenyl (CLPYRP2) Treatment of (4-chlo-
ro phenyl)-boronic acid with PYRIP according to the general Procedure A gave 535
mg (1.90 mmol, 95%) of CLPYRP2 after column chromatography using n-hexane/ethyl
acetate 3:1 as eluent.

1H-NMR (CDCl3, δ [ppm]): 2.12 (6 H, s, H-10), 5.98 (2 H, s, H-11), 7.32 (2 H, d, J =
8.3 Hz, H-7), 7.47 (2 H, d, J = 8.5 Hz, H-2), 7.59 (2 H, d, J = 8.5 Hz, H-3), 7.67 (2 H,
d, J = 8.3 Hz, H-6).
13C-NMR (CDCl3, δ [ppm]): 13.0 (C-10), 105.9 (C-11), 127.5 (C-6), 128.3 (C-3), 128.5
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(C-7), 128.7 (C-9), 128.9 (C-2), 133.7 (C-1), 138.4 (C-8*), 138.6 (C-4*), 139.1 (C-5).
MS (CI, isobutane): m/z 282.2 (M+H+).
HR-MS (EI): calcd. for C18H16ClN: 281.0971; found: 281.0971.

4-(2,5-Dimethyl-1H-pyrrole)-4´-cyano-biphenyl (CNPYRP2) Treatment of (4-cyano
phenyl)-boronic acid with PYRIP according to the general Procedure A gave 502 mg (1.84
mmol, 92%) of CNPYRP2 after column chromatography using n-hexane/ethyl acetate 3:1
as eluent.

1H-NMR (CDCl3, δ [ppm]): 2.10 (6 H, s, H-11), 5.95 (2 H, s, H-12), 7.34 (2 H, d, J =
8.3 Hz, H-8), 7.70 (2 H, d, J = 8.3 Hz, H-7), 7.75 (2 H, d, J = 8.5 Hz, H-4), 7.77 (2 H,
d, J = 8.3 Hz, H-3).
13C-NMR (CDCl3, δ [ppm]): 13.0 (C-11), 105.9 (C-12), 111.2 (C-2), 118.6 (C-1), 127.6
(C-4*), 127.8 (C-7*), 128.6 (C-10), 128.8 (C-8), 132.6 (C-3), 138.2 (C-9), 139.3 (C-6),
144.5 (C-5).
MS (EI): m/z 272.1 (M+).
HR-MS (EI): calcd. for C19H16N2: 272.1313; found: 272.1314.

4-(2,5-Dimethyl-1H-pyrrole)-4´-N,N-dimethylamino-biphenyl (NMePYRP2) Treat-
ment of 4-4,4,5,5-tetramethyl-1,3,2-dioxaborolyl)-N,N-dimethylaniline (NMePEP) with
PYRIP according to the general Procedure A gave 540 mg (1.86 mmol, 93%) of NMePYRP2
after column chromatography using n-hexane/ethyl acetate 3:1 + 0.5% triethylamine as
eluent.

1H-NMR (CDCl3, δ [ppm]): 2.09 (6 H, s, H-11), 3.02 (6 H, s, H-1), 5.93 (2 H, s, H-12),
6.83 (2 H, d, J = 8.7 Hz, H-3), 7.23 (2 H, d, J = 8.3 Hz, H-8), 7.56 (2 H, d, J = 8.7 Hz,
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H-4), 7.63 (2 H, d, J = 8.3 Hz, H-7).
13C-NMR (CDCl3, δ [ppm]): 13.1 (C-11), 40.5 (C-1), 105.5 (C-12), 112.7 (C-3), 126.6
(C-7), 127.6 (C-4), 128.0 (C-5), 128.3 (C-8), 128.9 (C-10), 136.8 (C-9), 140.5 (C-6), 150.1
(C-2).
MS (CI, isobutane): m/z 291.1 (M+H+).
HR-MS (EI): calcd. for C20H22N2: 290.1783; found: 290.1788.

4-(2,5-Dimethyl-1H-pyrrole)-4´-nitro-biphenyl (NOPYRP2) Treatment of (4-nitro
phenyl)-boronic acid with PYRIP according to the general Procedure A gave 473 mg (1.62
mmol, 81%) of NOPYRP2 after column chromatography using n-hexane/ethyl acetate 3:1
as eluent.

1H-NMR (CDCl3, δ [ppm]): 2.09 (6 H, s, H-10), 5.94 (2 H, s, H-11), 7.35 (2 H, d, J =
8.3 Hz, H-7), 7.73 (2 H, d, J = 8.3 Hz, H-6), 7.79 (2 H, d, J = 8.8 Hz, H-3), 8.33 (2 H,
d, J = 8.8 Hz, H-2).
13C-NMR (CDCl3, δ [ppm]): 13.0 (C-10), 106.2 (C-11), 124.2 (C-2), 127.8 (C-3), 128.0
(C-6), 128.7 (C-9), 128.8 (C-7), 137.9 (C-5), 139.7 (C-8), 146.5 (C-4), 147.3 (C-1).
MS (CI, isobutane): m/z 293.3 (M+H+).
HR-MS (EI): calcd. for C18H16N2O2: 292.1212; found: 292.1211.

4-(2,5-Dimethyl-1H-pyrrole)-4´-bromo-biphenyl (BRPYRP2) Treatment of (4-bro-
mo phenyl)-boronic acid with PYRIP according to the general Procedure A gave 639
mg (1.96 mmol, 98%) of BRPYRP2 after column chromatography using n-hexane/ethyl
acetate 3:1 as eluent.

1H-NMR (CDCl3, δ [ppm]): 2.07 (6 H, s, H-10), 5.92 (2 H, s, H-11), 7.27 (2 H, d, J =
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8.3 Hz, H-7), 7.49 (2 H, d, J = 8.5 Hz, H-3), 7.59 (2 H, d, J = 8.3 Hz, H-2), 7.63 (2 H,
d, J = 8.3 Hz, H-6).
13C-NMR (CDCl3, δ [ppm]): 13.0 (C-10), 105.9 (C-11), 121.9 (C-1), 127.5 (C-6), 128.6
(C-7*), 128.7 (C-3*), 128.8 (C-9), 131.9 (C-2), 138.5 (C-8), 139.0 (C-4), 139.2 (C-5).
MS (CI, isobutane): m/z 326.1 (M+H+), 328.1 (M+H+).
HR-MS (EI): calcd. for C18H16BrN: 325.0466; found: 325.0467.

General procedure B for the synthesis 4´-functionalised 4-iodo-biphenyles from
the corresponding protected 4-amino-biphenyls 1.9 mmol of a 4´-substituted 4-(2,5-
dimethyl-1H-pyrrol-1-yl)biphenyl are dissolved in a mixture of 20 mL of 2 N sulphuric acid
and 20 mL of acetonitrile and cooled to -5 °C. At this temperature 400 mg (5.9 mmol, 3
equivalents) of sodium nitrite dissolved in 5 mL of water are slowly added dropwise. After
stirring for half an hour 1.30 g (7.6 mmol, 4 equivalents) of potassium iodide dissolved in 5
mL of water are added dropwise at -5 °C. After removing of the cooling bath, the reaction
mixture is stirred for 1 h, heated up to 60 °C for a short period of time, and then stirred
at room temperature for 5 h. The reaction mixture is neutralised with sat. aq. Na2SO4.
The aqueous layer is repeatedly extracted with dichloromethane. The combined organic
layers are washed with water, an aq. solution of sodium thiosulphate, and again water,
dried over sodium sulphate, and concentrated in vacuo. The crude product is spread on
silica gel purified by flash chromatography on silica using n-hexane/ethyl acetate 3:1 as
eluent.

4-Iodo-4´-methoxy-biphenyl (MOIP2) [112, 211–214] Treatment of MOPYRP2 ac-
cording to general procedure B gave 324 mg (1.05 mmol, 55%) of MOIP2.

1H-NMR (CDCl3, δ [ppm]): 3.84 (3 H, s, H-1), 6.96 (2 H, d, J = 8.7 Hz, H-3), 7.27 (2 H,
d, J = 8.3 Hz, H-7), 7.47 (2 H, d, J = 8.7 Hz, H-4), 7.72 (2 H, d, J = 8.3 Hz, H-8).
13C-NMR (CDCl3, δ [ppm]): 55.3 (C-1), 92.1 (C-9), 114.3 (C-3), 127.9 (C-4), 128.6 (C-7),
132.5 (C-5), 137.7 (C-8), 140.3 (C-6), 159.4 (C-2).
MS (EI): m/z 310.0 (M+), 184.1 (M-I+).
HR-MS (EI): calcd. for C13H11IO: 309.9854; found: 309.9853.

4-Chloro-4´-iodo-biphenyl (CLIP2) [211] Treatment of CLPYRP2 according to gen-
eral procedure B gave 191 mg (0.61 mmol, 32%) of CLIP2.
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The analytical data were in agreement with those published by R.N. Young.

4-Cyano-4´-iodo-biphenyl (CNIP2) [215, 216] Treatment of CNPYRP2 according
to general procedure B gave 336 mg (1.10 mmol, 58%) of CNIP2.

1H-NMR (CDCl3, δ [ppm]): 7.31 (2 H, d, J = 8.4 Hz, H-7), 7.63 (2 H, d, J = 8.3 Hz,
H-4), 7.72 (2 H, d, J = 8.3 Hz, H-3), 7.80 (2 H, d, J = 8.4 Hz, H-8).
13C-NMR (CDCl3, δ [ppm]): 94.8 (C-9), 111.3 (C-2), 118.6 (C-1), 127.4 (C-4), 128.9 (C-
7), 132.6 (C-3), 138.2 (C-8), 138.5 (C-6), 144.4 (C-5).
MS (CI, isobutane): m/z 306.2 (M+H+), 280.2 ([M-I+2H]+).
HR-MS (CI, isobutane): calcd. for C13H9IN: 305.9779; found: 305.9779.

4-N,N-Dimethylamino-4´-iodo-biphenyl (NMeIP2) [217, 218] Treatment of NMe-
PYRP2 according to general procedure B but using 3 N sulphuric acid instead of 2
N and n-hexane / ethyl acetate 3:1 + 0.5% triethylamine as the eluent for the flash-
chromatography gave 443 mg (1.37 mmol, 68%) of NMeIP2.

1H-NMR (CDCl3, δ [ppm]): 2.99 (6 H, s, H-1), 6.78 (2 H, d, J = 8.7 Hz, H-3), 7.29 (2 H,
d, J = 8.3 Hz, H-7), 7.45 (2 H, d, J = 8.7 Hz, H-4), 7.69 (2 H, d, J = 8.3 Hz, H-8).
13C-NMR (CDCl3, δ [ppm]): 40.4 (C-1), 91.1 (C-9), 112.7 (C-3), 125.9 (C-5), 127.4 (C-4),
128.1 (C-7), 137.6 (C-8), 140.7 (C-6), 150.2 (C-2).
MS (CI, isobutane): m/z 323.9 (M+H+), 198.1 ([M-I+2H]+).
HR-MS (EI): calcd. for C14H14NI: 323.0171; found: 323.0170.
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4-Iodo-4´-nitro-biphenyl (NOIP2) [112, 214, 219, 220] Treatment of NOPYRP2
according to general procedure B gave 167 mg (0.51 mmol, 27%) of NOIP2.

1H-NMR (CDCl3, δ [ppm]): 7.35 (2 H, d, J = 8.3 Hz, H-6), 7.70 (2 H, d, J = 8.8 Hz,
H-3), 7.83 (2 H, d, J = 8.3 Hz, H-7), 8.29 (2 H, d, J = 8.8 Hz, H-2).
13C-NMR (CDCl3, δ [ppm]): 95.1 (C-8), 124.2 (C-2), 127.6 (C-3), 129.0 (C-6), 138.2 (C-
5), 138.3 (C-7), 146.4 (C-4), 147.3 (C-1).
MS (CI, isobutane): m/z 326.1 (M+H+), 200.1 ([M-I+2H]+).
HR-MS (CI, isobutane): calcd. for C12H9NO2I: 325.9678; found: 325.9678.

7.6.3.3 Precursors: terphenylene building blocks

1-Bromo-4´´-methoxy-4,1´:4´,1´´-terphenylene (MOBRP3) Under an argon at-
mosphere 700 mg (2.25 mmol) of MOIP2, 452 mg (2.4 mmol, 1.1 equivalents) of 4-bromo-
phenylboronic acid, 1026 mg (6.75 mmol, 3.0 equivalents) of cesium fluoride, and 78 mg
(0.067 mmol, 3 mol%) of [Pd(PPh3)4] were dissolved in 50 mL of abs. THF and refluxed
for 30 hours. After cooling to room temperature the reaction mixture was diluted with
n-hexane and water and the precipitate was collected by filtration. The crude product
was washed with THF, ethyl acetate, and water to give 641 mg (1.89 mmol, 84%) of
MOBRP3 as a fawn amorphous solid.

1H-NMR (CDCl3, δ [ppm]): 3.85 (3 H, s, H-1), 6.99 (2 H, d, J = 8.4 Hz, H-3), 7.48 (2
H, d, J = 8.2 Hz, H-11), 7.56 (4 H, d, J = 8.2 Hz, H-4, H-12), 7.59 (2 H, d, J = 8.2 Hz,
H-7*), 7.62 (2 H, d, J = 8.2 Hz, H-8*).
13C-NMR (CDCl3, δ [ppm]): 55.3 (C-1), 114.3 (C-3), 121.4 (C-13), 127.1 (C-7*), 127.2
(C-8*), 128.0 (C-4), 128.4 (C-11), 131.9 (C-12), 133.0 (C-5), 138.2 (C-9), 139.1 (C-6*),
140.1 (C-10*), 159.3 (C-2).
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MS (CI, isobutane): m/z 339.1 (M+H+), 340.1 (M+H+).
HR-MS (EI): calcd. for C19H15BrO: 338.0306; found: 338.0305.

1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolyl)-4´´-methoxy-4,1´:4´,1´´-terphenylene (MOPEP3)
A two-neck-flask was charged with 244 mg (0.72 mmol) of MOBRP3, 8 mg (0.036 mmol,
5 mol%) of Pd(OAc)2, and 39 mg (0.072 mmol, 10mol%) of 1-(diphenylphosphino)-2-(2-
(diphenylphosphino)phenoxy)benzene under an argon atmosphere. 20 mL of dry 1,4-
dioxane, 0.4 mL (2.9 mmol, 4 eqivalents) of dry triethylamine, and 0.21 mL (1.44 mmol,
2 equivalents) of 4,4,5,5-tetramethyl-1,3,2-dioxaborolane were added via syringe. The re-
action mixture was heated to 100°C for 30 hours. After cooling to room temperature the
reaction mixture was quenched with a sat. aqu. NH4Cl. The aqueous phase was extracted
repeatedly with dichloromethane. The organic phases were dried with sodium sulphate
and concentrated in vacuo. The crude product was purified by column chromatography
on silica using n-hexane/ ethyl acetate 1:1 + 5% triethylamine as eluent to give 188 mg
(0.49 mmol, 68%) of MOPEP3 as a fawn solid.

1H-NMR (CDCl3, δ [ppm]): 1.38 (s, 12 H), 3.86 (s, 3 H), 7.00 (d, 2 H, J = 8.3 Hz), 7.59
(d, 2 H, J = 8.3 Hz), 7.63 - 7.70 (m, 6 H), 7.92 (d, 2 H, J = 7.8 Hz).
13C-NMR (CDCl3, δ [ppm]): 24.8, 55.3, 83.7, 114.2, 127.0, 127.5, 128.0 (2 C), 133.1, 134.7,
135.2, 140.0, 140.7, 143.3, 159.2.
MS (CI, isobutane): m/z 387.5 (M+H+).
HR-MS (EI): calcd. for C25H27BO3: 386.2053; found: 386.2052.

1-Cyano-4´´-bromo-4,1´:4´,1´´-terphenylene (CNBRP3) [221] Under an argon
atmosphere 470 mg (1.5 mmol) of CNIP2, 452 mg (1.6 mmol, 1.1 equivalents) of 4-
bromophenylboronic acid, 684 mg (4.5 mmol, 3.0 equivalents) of cesium fluoride, and
52 mg (0.045 mmol, 3 mol%) of [Pd(PPh3)4] were dissolved in 50 mL of abs. THF
and refluxed for 30 hours. After cooling to room temperature the reaction mixture was
diluted with n-hexane and water and the precipitate was collected by filtration. The crude
product was washed with THF, ethyl acetate, and water to give 255 mg (0.76 mmol, 51%)
of CNBRP3 as a white amorphous solid.

1H-NMR (CDCl3, δ [ppm]): 7.49 (2 H, d, J = 8.5 Hz, H-11), 7.58 (2 H, d, J = 8.5 Hz,
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H-12), 7.66 (4 H, s, H-7, H-8), 7.71 (2 H, d, J = 8.6 Hz, H-4), 7.73 (2 H, d, J = not
resolved, H-3).
13C-NMR (CDCl3, δ [ppm]): 111.1 (C-2), 118.8 (C-1), 122.0 (C-13), 127.5 (C-7*), 127.6
(C-8*), 127.7 (C-4), 128.6 (C-11), 132.0 (C-12), 132.6 (C-3), 138.3 (C-6), 139.1 (C-10),
140.3 (C-9), 144.9 (C-5).
MS (EI): m/z 332.6 (M+), 334.6 (M+).
HR-MS (EI): calcd. for C19H12Br: 333.0153; found: 333.0152.

1-(2,5-Dimethyl-1H-pyrrole)-4´´-nitro-4,1´:4´,1´´-terphenylene (NOPYRP3) Un-
der an argon atmosphere 620 mg (1.9 mmol) of BRPYRP2, 350 mg (2.0 mmol, 1.05
equivalents) of 4- nitrophenylboronic acid, 866 mg (5.7 mmol, 3.0 equivalents) of cesium
fluoride, and 66 mg (0.057 mmol, 3 mol%) of [Pd(PPh3)4] were dissolved in 50 mL of abs.
THF and refluxed for 30 hours. After that time the reaction mixture was diluted with
50 mL of dichloromethane, washed with water, dried over sodium sulphate, and concen-
trated in vacuo. The crude product was purified by flash chromatography on silica using
n-hexane/ethyl acetate/dichloromethane 10:5:1 + 5% triethylamine as eluent to give 320
mg (0.87 mmol, 46%) of NOPYRP3 as a brown amorphous solid.

1H-NMR (CDCl3, δ [ppm]): 2.09 (6 H, s, H-14), 5.93 (2 H, s, H-15), 7.31 (2 H, d, J =
8.2 Hz, H-11), 7.72 (2 H, d, J = 8.2 Hz, H-10), 7.75 (4 H, d, J = 6.9 Hz, H-6, H-7), 7.80
(2 H, d, J = 8.8 Hz, H-3), 8.32 (2 H, d, J = 8.8 Hz, H-2).
13C-NMR (CDCl3, δ [ppm]): 13.1 (C-14), 105.9 (C-13), 124.2, (C-2), 127.6 (2 C, C-6,
C-7), 127.8 (C-3), 127.9 (C-10*), 128.9 (C-11*), 137.9 (C-9), 138.7 (C-5*), 139.4 (C-8*),
140.8 (C-12), 146.9 (C-4), 147.2 (C-1).
MS (EI): m/z 368.1 (M+), 275.1 ([M-C6H7N ]+).
HR-MS (EI): calcd. for C24H20N2O2: 368.1524; found: 368.1521.
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1-Iodo-4´´-nitro-4,1´:4´,1´´-terphenylene (NOIP3) [222] 320 mg (0.87 mmol) of
NOPYRP3 were dissolved in a mixtrure of 20 mL of 2 N sulphuric acid and 20 mL
of acetonitrile and cooled down to -5 °C. At this temperature 180 mg (2.6 mmol, 3
equivalents) of sodium nitrite dissolved in 5 mL of water were added dropwise. After
stirring for 30 minutes 722 mg (4.4 mmol, 5 equivalents) of potassium iodide dissolved
in 5 mL of water were slowly added dropwise at -5 °C. After removing of the cooling
bath, the reaction mixture was stirred for 1 h, heated up to 60 °C shortly, and stirred
at room temperature for additional 8 h. The reaction mixture was neutralised with sat.
aqu. Na2CO3. The aqueous layer was extracted repeatedly with dichloromethane. The
combined organic layers were washed with water, a solution of sodium thiosulphate, and
again water, dried over sodium sulphate, and concentrated in vacuo. The crude product
was purified by flash chromatography on silica using first n-hexane/ethyl acetate 5:1 and
then dichloromethane/n-hexane 5:1 containing 5% of triethylamine as eluents to give 70
mg (0.17 mmol, 20%) of NOIP3 as a yellow amorphous solid.

1H-NMR (CDCl3, δ [ppm]): 7.41 (2 H, d, J = 8.4, H-10), 7.72 (2 H, d, J = 8.4, H-7*),
7.75 (2 H, d, J = 8.8, H-6*), 7.82 (2 H, d, J = 8.8, H-3), 7.84 (2 H, d, J = 8.4, H-11)
8.36 (2 H, d, J = 8.8, H-2).
13C-NMR (CDCl3, δ [ppm]): 93.6 (C-12), 124.2 (C-2), 127.5 (C-6*), 127.6 (C-7*), 127.9
(C-11), 128.8 (C-10), 138.0 (C-3, C-9), 139.6 (C-5), 140.6 (C-8), 145.6 (C-4), 146.9 (C-1).
MS (EI): m/z 401.0 (M+).
HR-MS (EI): calcd. for C18H12INO2: 400.9913; found: 400.9914.

1-Chloro-4´´´-methoxy-4,1´:4´,1´´:4´´,1´´´-quaterphenylene (MOCLP4)

Under an argon atmosphere 300 mg (0.9 mmol) of MOBRP3, 142 mg (0.91 mmol, 1.2
equivalents) of 4-chlorophenylboronic acid, 347 mg (2.23 mmol, 3 equivalents) of cesium
fluoride, and 43 mg (0.058 mmol, 5 mol%) of [Pd(PPh3)4] were dissolved in 60 mL of abs.
THF and refluxed for 50 hours. The product precipitated from the reaction mixture and
was collected by filtration. The crude product was washed repeatedly with tetrahydrofu-
rane and water to give 260 mg (0.70 mmol, 92%) of MOCLP4 as an off-white amorphous
solid.

1H-NMR (CDCl3, δ [ppm]): 3.86 (6 H, s, H-1), 6.99 (2 H, d, J = 8.3 Hz, H-3), 7.42 (2 H,
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d, J = 8.1 Hz, H-16), 7.55 -7.60 (4 H, m, H-4, H-15), 7.62 - 7.66 (4 H, m, H-7*, H-12*),
7.67 - 7.72 (4 H, m, H-8*, H-11*).
MS (CI, isobutane): m/z 371.1 (M+H+).
HR-MS (EI): calcd. for C25H19ClO: 370.1124; found: 370.1124.
UVvis (dichloromethane): λmax = 309 nm.

1-Amino-4´´´-methoxy-4,1´:4´,1´´:4´´,1´´´-quaterphenylene (MONHP4)

Under an argon atmosphere 577 mg (1.70 mmol) of MOBRP3, 575 mg (1.80 mmol, 1.05
equivalents) of tert-butyl- 4- (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenylcarbamate,
800 mg (5.3 mmol, 3 equivalents) of cesium fluoride, and 57 mg (0.05 mmol, 3 mol%) of
[Pd(PPh3)4] were dissolved in 50 mL of abs. THF and refluxed for 50 hours. The Boc-
protected product precipitated from the reaction mixture, was collected by filtration after
cooling to room temperature, and washed repeatedly with tetrahydrofurane and water to
give a light yellow amorphous solid. This was suspended in dichloromethane and cooled
to 0 °C. Then 6 mL of trifluoroacetic acid were added dropwise and the resulting solution
was stirred for 12 hours at room temperature. Upon treatment with ca. 8 mL of 2 M
aqueous sodium hydroxide the product precipitated from the solution, was collected by
filtration, and washed repeatedly with water and dichloromethane to give 537 mg (1.53
mmol, 90%) of MONHP4 as a fawn amorphous solid.

1H-NMR (CDCl3:trifluoro acetic acid 3:1, δ [ppm]): 4.00 (3 H, s, H-1), 7.10 (2 H, d, J =
8.5 Hz, H-3), 7.48 (2 H, d, J = 8.3 Hz, H-15), 7.64 (2 H, d, J = 8.5 Hz, H-4), 7.67 (4 H,
d, J = 8.2 Hz, H-8*, H-11*), 7.73 (2 H, d, J = 8.2 Hz, H-7*), 7.78 (2 H, d, J = 8.2 Hz,
H-12*), 7.81 (2 H, d, J = 8.3 Hz, H-16), 8.73 (3 H, broad s, H-18).
MS (EI): m/z 351.1 (M+).
HR-MS (EI): calcd. for C25H21NO: 351.1623; found: 351.1622.
UVvis (dichloromethane): λmax = 317 nm.
UVvis (dichloromethane:trifluoro acetic acid 10:1): λmax = 307 nm.
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1-Cyano-4´´´-methoxy-4,1´:4´,1´´:4´´,1´´´-quaterphenylene (MOCNP4)

Under an argon atmosphere 851 mg (2.5 mmol) of MOBRP3, 393 mg (2.7 mmol, 1.1
equivalents) of 4-cyanophenylboronic acid, 1.14 g (7.5 mmol, 3.0 equivalents) of cesium
fluoride, and 86 mg (0.116 mmol, 4 mol%) [Pd(PPh3)4] were dissolved in 60 mL of abs.
THF and refluxed for 50 hours. The product precipitated from the reaction mixture and
was collected by filtration. The crude product was washed repeatedly with THF and
water to give 867 mg (2.4 mmol, 96%) of MOCNP4 as a grey amorphous solid.

1H-NMR (CDCl3, δ [ppm]): 3.86 (3 H, s, H-1), 7.00 (2 H, d, J = 8.6 Hz, H-3), 7.58 (2 H,
d, J = 8.6 Hz, H-4), 7.63 - 7.71 (6 H, m), 7.73 - 7.77 (6 H, d, J not resolved).
MS (ESI, positive): m/z 362.3 (M+).
HR-MS (EI): calcd. for C26H19NO: 361.1466; found: 361.1467.
UVvis (dichloromethane): λmax = 317 nm.

7.6.4 Symmetrically functionalised para-Hexaphenylenes

4- 4´´´´´-Dimethoxy-p-hexaphenylene (MOP6)

Under an argon atmosphere 4,4´-biphenyldiboronic acid bis(neopentyl glycol)ester (1.0
mmol), 4-iodo,4´-methoxy biphenyl (MOIP2) (2.2 mmol, 2.2 equivalents), cesium fluoride
(4.0 mmol, 4.0 equivalents) and tetrakis(triphenylphosphine)-palladium(0) (0.05 mmol, 5
mol%) were dissolved in 80 mL tetrahydrofurane abs. and refluxed for 70 hours. After
cooling to room temperature the precipitate was collected by filtration. The crude product
was washed repeatedly with dichloromethane and water to give 518 mg (1.0 mmol, quant.)
of a slightly coloured amorphous solid.

MS (EI): m/z 518.6 (M+), 411.7 ([M-PhOMe]+), 258.8 (M2+).
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HR-MS (EI): calcd. for C38H30O2: 518.2246; found: 518.2246.
UVvis (dichloromethane): λmax = 317 nm.

4- 4´´´´´-Dichloro-p-hexaphenylene (CLP6)

Under argon atmosphere 4,4´-biphenyldiboronic acid bis(neopentyl glycol)ester (0.5 mmol),
4-chloro,4´-iodo biphenyl (CLIP2) (1.1 mmol, 2.2 equivalents), cesium fluoride (2.0 mmol,
4.0 equivalents) and tetrakis(triphenylphosphine)-palladium(0) (0.025 mmol, 5 mol%)
were dissolved in 60 mL tetrahydrofurane abs. and refluxed for 70 hours. After cool-
ing to room temperature the precipitate was collected by filtration. The crude product
was washed with dichloromethane and water to give 204 mg (1.0 mmol, quant.) of a
slightly coloured amorphous solid.

MS (EI): m/z 525.5 (M+), 527.5 (M+), 415.7 ([M-PhCL]+), 262.8 (M2+), 263.8 (M2+).
HR-MS (EI): calcd. for C36H24Cl2: 526.1255; found: 526.1254.
UVvis (dichloromethane): λmax = 313 nm.

4- 4´´´´´-Dicyano-p-hexaphenylene (CNP6)

Under an argon atmosphere 4,4´-biphenyldiboronic acid bis(neopentyl glycol)ester (0.5
mmol), 4-cyano,4´-iodo biphenyl (CNIP2) (1.1 mmol, 2.2 equivalents), cesium fluoride
(2.0 mmol, 4.0 equivalents) and tetrakis(triphenylphosphine)-palladium(0) (0.025 mmol,
5 mol%) were dissolved in 60 mL tetrahydrofurane abs. and refluxed for 70 hours. After
cooling to room temperature the precipitate was collected by filtration. The crude product
was washed repeatedly with dichloromethane and water to give 204 mg (1.0 mmol, quant.)
of a slightly coloured amorphous solid.

MS (EI): m/z 507.6 (M+), 406.7 ([M-PhCN]+), 253.8 (M2+).
HR-MS (EI): calcd. for C38H24N2: 508.1939; found: 508.1939.
UVvis (dichloromethane): λmax = 332 nm.
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7.6.5 Phenyl-thiophene co-oligomers

4,4´-Di-2,2´-bithienyl-biphenyl (TTPPTT) [81]

Under an argon atmosphere 4,4´-biphenyldiboronic acid bis(neopentyl glycol)ester (719
mg, 1.9 mmol), 5-bromo-2,2´-bithiophene (1.00 g, 4.08 mmol, 2.1 equivalents), tetrakis-
(triphenylphosphine)-palladium(0) (109 mg, 0.095 mmol, 5 mol%) and cesium fluoride
(1.16 g, 7.6 mmol, 4 equivalents) were dissolved in 80 mL tetrahydrofurane abs. and
refluxed for 50 hours. After cooling to room temperature the reaction mixture was diluted
with n-hexane, and the precipitate was collected by filtration. The crude product was
washed with water, ethyl acetate and dichloromethane to give 830 mg (1.72 mmol, 91%)
of a bright yellow amorphous solid.

MS (EI): m/z 482.0 (M+), 241.0 (M2+).
HR-MS (EI): calcd. for C28H18S4: 482.0291; found: 482.0283.
UVvis (dichloromethane): λmax = 271 nm, 380 nm.

5,5´-Di-4-biphenyl-2,2´-bithiophene (PPTTPP) [223]

Under an argon atmosphere 5,5’-dibromo-2,2’-bithiophene (500 mg, 1.54 mmol), 4-bi-
phenyl boronic acid (627 mg, 3.16 mmol, 2.05 equivalents), tetrakis(triphenylphosphine)-
palladium(0) (88 mg, 0.077 mmol, 5 mol%) and cesium fluoride (702 mg, 4.6 mmol, 3
equivalents) were dissolved in 80 mL tetrahydrofurane abs. and refluxed for 50 hours.
After cooling to room temperature the reaction mixture was diluted with n-hexane, and
the precipitate was collected by filtration. The crude product was washed with water,
ethyl acetate and dichloromethane to give 692 mg (1.47 mmol, 95%) of a yellow-orange
amorphous solid.

MS (EI): m/z 470.1 (M+), 235.0 (M2+).
HR-MS (EI): calcd. for C32H22S2: 470.1162; found: 470.1162.
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7.6.6 Symmetrically functionalised Phenyl-ethinylene
co-oligomers

4,4´-Bis(trimethylsilyl)biphenyl [224],[225]

To a solution of 4,4´-dibrombiphenyl (4.0 mmol,1.25 g), Pd(PPh3)2Cl2 (0.12 mmol, 84
mg, 3 mol%), PPh3 (0.24 mmol, 63 mg, 6 mol%), CuI (0.20 mmol, 38 mg, 5 mol%) in 40
mL (iPr)2NH(abs) under argon atmosphere were added slowly via syringe 1.7 mL (12.0
mmol, 3 equivalents) trimethylsilyl acetylene. The solution was heated to 70°C for 12
hours. The solution was then filtered through celite, the celite was flushed with n-hexane
and the filtrate was washed with water. The solvent was evaporated and the residue was
purified by silica gel chromatography (n-hexane + 0.5 % triethylamine) to give 1.2 g (3.47
mmol, 86%) of a microcristalline white solid.

1H-NMR (CDCl3, δ [ppm]): 0.26 (s, 18 H), 7.52 (s, 8 H).
13C-NMR (CDCl3, δ [ppm]): 0.0 (6 C), 95.2 (2 C), 104.8 (2 C), 122.4 (2 C), 126.7 (4 C),
132.4 (4 C), 140.2 (2 C).
MS (CI, isobutane): m/z 347.3 (M+H+).

4,4´-Diethinylbiphenyl [224],[225]

Potassium carbonate (2.4 g, 17.5 mmol, 5 equivalents) was added to a solution of 4,4‘-(bis-
trimethylsilyl)biphenyl in 150 mL methanol. The reaction mixture was stirred at room
temperature for 30 hours during which time the potassium carbonate dissolved. Water
(200 mL) was added and the precipitate was filtered and washed with water to give 661
mg (3.3 mmol, 95%) of a fawn microcrystalline solid.

1H-NMR (CDCl3, δ [ppm]): 3.14 (s, 2 H), 7.53 (d, 8 H, J = 8.5), 7.56 (d, 4 H, J = 8.5).
13C-NMR (CDCl3, δ [ppm]): 78.1 (2 C), 83.4 (2 C), 121.5 (2 C), 126.9 (4 C), 132.7 (4 C),
140.5 (2 C).
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4,4´-Bis((4-pyridyl)ethinyl)-1,1´-biphenyl (PYethinP2)

Under argon atmosphere 4,4´-diethinylbiphenyl (330 mg, 1.63 mmol), 4-iodpyridine (PYI)
(735 mg, 3.75 mmol, 2.2 equivalente), Pd(PPh3)2Cl2 (45 mg, 0.07 mmol, 4 mol%) and
copper(I)iodine (19 mg, 0.1 mmol, 6 mol%) were dissolved in 40 mL tetrahydrofurane
abs. and 10 mL dry triethylamine and heated up to 70°C for 30 hours. After cooling to
room temperature the reaction mixture was diluted with n-hexane and the dark yellow
precipitate was collected by filtration. The crude product was washed with n-hexane,
tetrahydrofurane, aqueous ethylene diamine tetraacetic acid and water for purification to
give 410 mg (1.15 mmol, 71%) of a dark yellow amorphous solid.

1H-NMR (CDCl3, δ [ppm]): 7.39 (2 H, d, J = 5.6 Hz, H-2), 7.63 (4 H, s, H-7, H-8), 8.61
(2 H, d, J = 4.1 Hz).
13C-NMR (CDCl3, δ [ppm]): 87.7 (C-4), 93.7 (C-5), 121.6 (C-6), 125.5 (C-2), 127.1 (C-8),
131.4 (C-3), 132.5 (C-7), 140.8 (C-9), 149.8 (C-1).
MS (CI, isobutane): m/z 357.0 (M+H+), 278.9 ([M-C5H4N+H]+).
HR-MS (EI): calcd. for C26H16N2: 356.1314; found: 356.1314.
UVvis (dichloromethane): λmax = 328 nm.

4,4´-Bis((4-N,N-dimethylaminophenyl)ethinyl)-1,1´-biphenyl (NMePethinP2)

Under argon atmosphere 4,4´diethinylbiphenyl (661 mg, 3.3 mmol), 4-bromo-N,N -di-
methylaniline (1.38 g, 6.9 mmol, 2.1 equivalents), Pd(PPh3)2Cl2 (92 mg, 0.13 mmol, 4
mol%), triphenyl phosphine (69 mg, 0.26 mmol, 8 mol%) and copper(I)iodine (37 mg,
0.20 mmol, 6 mol%) were dissolved in 50 mL dry diisopropylamine and heated up to 70°C
for 40 hours. Meanwhile the colour of the reaction mixture changed from yellow to dark
brown. After cooling to room temperature a precipitate coloured like liquid manure was
collected by filtration and washed repeadetly with n-hexane, dichloromethane, water and
aqueous ethylene diamine tetraacetic acid without changing colour.
The crude product was suspended in about 100 mL dichloromethane and small portions
trifluoro acetic was added until a dark green solution occurred. The black residues were
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removed by filtration quickly, because the product was corroding under these conditions.
The filtrate was neutralised with 10 M aqueous sodium hydroxide, meanwhile the colour
of the solution turned over light green to yellow until occurrence of a precipitate. The
product was collected by filtration and washed with water and dichloromethane to give
932 mg (2.12 mmol, 64%) of yellow amorphous solid.

1H-NMR (CDCl3, δ [ppm]): 2.93 (12 H, s, H-1), 6.60 (4 H, d, J = 8.6 Hz, H-3), 7.35 (4
H, d, J = 8.6 Hz, H-4), 7.50 (8 H, s, H-9, H-10).
1H-NMR (CDCl3:trifluoro acetic acid 4:1, δ [ppm]): 3.35 (12 H, s, H-1), 7.48 (4 H, d, J =
8.6 Hz, H-3), 7.64 (8 H, s, H-9, H-10), 7.74 (4 H, d, J = 8.6 Hz, H-4), 10.22 (2 H, broad
s, protonated -N(Me)2).
13C-NMR (CDCl3:trifluoro acetic acid 4:1, δ [ppm]): 47.4 (C-1), 87.4 (C-6), 92.8 (C-7),
119.9 (C-3), 121.6 (C-8), 127.2 (C-10), 127.5 (C-5), 132.5 (C-9), 134.1 (C-4), 140.6 (C-2),
141.0 (C-11).
MS (EI): m/z 440.2 (M+), 425.2 ([M-CH3]+), 220.1 (M2+).
HR-MS (EI): calcd. for C32H28N2: 440.2252; found: 440.2252.
UVvis (dichloromethane): λmax = 362 nm.
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8 Conclusions and Outlook

Coming back to the initial question: Is the combination of p-hexaphenylene as molecular
building block and muscovite mica as growth substrate really unique for generating the
nanofibers? No, it is not. According to this in the context of this thesis the following
results have been presented:

• A reliable synthesis strategy to obtain new either symmetrically or non-symmetrically
para-functionalised para-quaterphenylenes.

• The possibility of well defined nanofiber growth starting from the substituted oligomers,
i.e. fiber growth is not prevented by the functional groups but improved in some
cases, on a muscovite mica substrate by a self-assembly process in high vacuum.

• The distinctive properties of the nanostructures are determined by the respective
functional groups attached to the molecular building block:

– The exact wavelength of the fluorescence colour shifts within the blue depend-
ing on the functional group.

– The individual morphology, i.e. cross-section shape is defined by the functional
group.

• New properties like non-linear optical activity (frequency doubling) of the nanofibers
are created due to intrinsic non-zero hyperpolaisability of the non-symmetrically
substituted molecular building blocks.

Thus, it is possible to obtain tailored nanofibers from appropriatly functionalised p-
quaterphenylenes. The requirements for generating nanofibers seem to be still muscovite
mica as growth substrate, but the molecular basis is not restricted to p6P but to a para-
phenylene molecular basis, which tolerates functional groups at the para-positions.

Fig. 8.1: Schematic molecular formulas of inspected functionalised p-Quaterphenylenes.
Declaration of functional group X and short names are listed in Tab.8.1.
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funct. p4P
functional group X symmetrically differently mono
methoxy (-OMe) MOP4 – MOHP4

chloride (-Cl) CLP4 MOCLP4 CLHP4
cyano (-CN) CNP4 MOCNP4 CNHP4
amino (-NH2) NHP4 MONHP4 –

N,N -dimethyl amino (-NMe2) NMeP4 – NMeHP4
nitro (-NO2) NOP4 – –

Tab. 8.1: List of inspected functionalised p-Quaterphenylenes. Functional groups X refer
to the schematic molecular formulas of Fig.8.1.

The new oligomers have been vapour deposited on a freshly cleaved muscovite mica
substrate in high vacuum. The driving force of the self-assembly into well defined nanos-
tructures is dipole assisted alignment and epitaxy.

A certain pre-definition of the nanostructures´ properties is given by the functional
groups, but still the growth conditions allow control over the nanostructures´ morphol-
ogy. The optical properties are basicly determined by the functional groups. Intermolec-
ular interactions of the bulk structure (the nanostructures) are more pronounced for the
mono-functionalised p-phenylenes than for the disubstituted oligomers. Properties are
not simply given by the functional group, which makes a reliable forecast difficult (see
Tab.8.2, 8.3, 8.4). However, intrinsic properties of the oligomers are maintained in the
respective nanostructures, such as the inherent non-zero hyperpolarisability of the non-
symmetrically substituted oligomers results in non-linear optical activity of the nanofibers.
The individual morphology (cross-section shape) of the nanostructures is depending on
the functional groups, but dimensions (length, height, width, aspect ratio) and aggre-
gate density are mainly controlled by the growth conditions. Nevertheless, the fibers
possess individual average length according to the functional group (short: few microm-
eter, medium: several ten micrometer, long: few hundred micrometer, very long: several
hundred micrometer, cf. Tab.8.2, 8.3, 8.4). An important role plays the substrate temper-
ature during depositions: For some functionalities two morphologically different structure
types (two different temperature cases) exist for distinct substrate temperatures.

The desired nanofibers are built up of lying molecules on the surface ordered with
a high degree of crystallinity. Clusters are located in between the nanofibers, which
reflect the bottom-up fashion of the growth process, since they are believed to be needle
precursors. In addition islands of upright standing oligomers form on the surface in
competition to nanofiber growth. The microscopic steps of the formation of clusters and
the transformation of those into nanofibers are not resolved yet, and has to be clarified
in the future by in situ microscopy. This may allow a better forecast of nanofiber growth
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molecular
building block MOP4 CLP4 CNP4 NMeP4 NHP4 NOP4

polarised fluorescence
√ √ √ √

– –
maximum emission [nm] 400 383 404 452 439 –

frequency doubling – – – – – –
distinct temp. dependence –

√
–

√
– –

inverted temp. behaviour – –
√ √

– –
growth along:
grooved 〈1 1 0〉

√ √ √ √ √ √

non-grooved 〈1 1 0〉 – –
√

– – –
[1 0 0] – –

√
– – –

cross-section shape:
rounded – – –

√ √
n/a

slab-like
√

– –
√

– n/a
pitched roof –

√ √
– – n/a

fiber shape:
straight

√ √ √
– – –

bent – –
√ √ √

–
kinks

√
– – – –

√

branches – – – – – –
general description: swallow worms, lego-

fibers fibers wings pollywogs, worms fibers
flakes

fibers taper off – – – – – –
fiber length very long medium short short short medium

Tab. 8.2: Tailoring nanofibers: The influence of molecular building blocks´ substituents
- symmetrically functionalised p-quaterphenylenes.
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molecular
building block MONHP4 MOCLP4 MOCNP4

polarised fluorescence –
√ √

maximum emission [nm] 438 428 433
frequency doubling

√ √ √

distinct temp. dependence –
√

–
inverted temp. behaviour – – –

growth along:
grooved 〈1 1 0〉

√ √ √

non-grooved 〈1 1 0〉 – – –
[1 0 0] – – –

cross-section shape:
rounded

√ √ √

slab-like – – –
pitched roof – – –
fiber shape:

straight –
√ √

bent
√

–
√

kinks –
√

–
branches –

√
–

general description: worms branches, walking sticks,
lego-fibers fibers

fibers taper off
√

– (
√

)
fiber length short medium long

Tab. 8.3: Tailoring nanofibers: The influence of molecular building blocks´ substituents
- differently functionalised p-quaterphenylenes.
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molecular
building block MOHP4 CLHP4 NMeHP4 CNHP4

polarised fluorescence
√ √ √ √

maximum emission [nm] 397 390 440 417
frequency doubling

√ √ √ √

distinct temp. dependence n/a n/a n/a –
inverted temp. behaviour n/a n/a n/a –

growth along:
grooved 〈1 1 0〉

√ √ √ √

non-grooved 〈1 1 0〉 – – – –
[1 0 0] – – – –

cross-section shape:
rounded (

√
)

√ √
(
√

)
slab-like

√
– – –

pitched roof – (
√

) –
√

fiber shape:
straight –

√
–

√

bent – –
√

–
kinks

√
– –

√

branches
√

– –
√

general description: – lego-fibers, worms fibers, earthworm
carnivore-teeth with combat-crown

fibers taper off – –
√ √

fiber length short medium medium very long

Tab. 8.4: Tailoring nanofibers: The influence of molecular building blocks´ substituents
- mono functionalised p-quaterphenylenes.
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8 Conclusions and Outlook

starting from a functionalised molecular building block and accordingly will guide the
synthesis, which serves as a key step.

Since only an overview is given of the variety of nanoaggregates and their tailor-made
properties, it is self-evident to organise further (quantitative) examinations on the most
promising molecular building blocks and their nanostructures. This will be the next step
towards optoelectronic device development based on nanofibers, after the first step of fiber
formation has been demonstrated in this thesis.

For this thesis only optical and morphologically properties have been born in mind.
For future research also improvement of electrical properties will be considered, while
still conserving the concept of crystalline nanofibers. Promising canditates are the phenyl
thiophene co-oligomers. Therefore a first outline of the acceptability of these co-oligomers
for nanofiber growth on muscovite mica is given in the following chapter. Experiments
concerning e.g. electrical conductivity and electroluminescence will be part of future
investigations. Apart from this the co-oligomers show tunable green fluorescence, which
widens the spectral range of the nanofiber´s tailorable luminescence into the green.
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9 Outlook: Phenyl-thiophene co-oligomers
[10]

Another class of important rod-like molecules for photonic and optoelectronic applica-
tions are thiophene oligomers [27, 33]. These kind of organic semiconductors have been
synthesised for the first time more than 60 years ago [226, 227]. Later research showed
that they are promising candidates for electronic devices, such as organic field effect
transistors (OFET) [228] and organic light emitting diodes (OLEDs) [229, 230]. OFETs
based on α-sexithiophene or derivatives present high field-effect mobility for such organic
based devices. It is challenging to control emission characteristics of conjugated oligomers.
Thiophene oligomers have been studied as model compounds to interprete charge-transfer
mechanisms since these heterocyclic materials exhibit both interesting electrical and opti-
cal properties and possess thermal and chemical stability [231]. In the previous chapters
the suitability of phenylene oligomers in the face of application in optoelectronic and
photonic devices has been elucidated. Hybridising and blending of materials are com-
mon attempts to improve desired properties, which can be done on a molecular level.
Thiophene/phenylene co-oligomers, i.e. hybridised oligomers containing thiophene- and
phenyl-moieties, have been developed and synthesised independently by Hotta et al. [232]
and Samulski et al. [233] in view of applications in photonic or optoelectronic devices.
Further co-oligomers and additionally perfluorophenyl-thiophenes have been synthesised
by Facchetti and Marks et al. more recently [81]. One of the major advantages of this
novel class of organic semiconductors is that the π-conjugation length, and hence the
emission colour can be tuned as desired by changing the total number of thiophene- and
phenyl-rings and their mutual arrangement within the molecule. Various molecular shapes
occur, namely straight, bent, or zigzag. Guided by this simple molecular design principle,
these oligomers are predestinated to explore structure-property relationship for organic
semiconductors. These phenyl-thiophene co-oligomers have attracted attention due to
their potential as active components in OLEDs, organic diode lasers, and p-type semi-
conductors in OFETs [80, 234–243]. Noteworthy features are electroluminescence [237],
and emission gain narrowing like spectrally narrowed emission (SNE) [244–246], and am-
plified spontaneous emission (ASE) caused by self-waveguide effects [247–249], and even
mirrorless lasing [250, 251].
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9 Outlook: Phenyl-thiophene co-oligomers [10]

9.1 Synthetic Approach

Modification of para-phenylene oligomers with thiophene moieties leads to a new class of
light emitting organic semiconductors: either phenyl-endcapped oligothiophenes, thienyl-
endcapped oligophenylenes, or alternating oligomers with a phenyl- as well as a thienyl-
endcap, respectively. However, quite a large number of phenyl-thiophene co-oligomers is
accessible by changing the overall number of thiophene- and phenyl-rings as well as their
mutual arrangement within the molecule. Several of these oligomers have already been
synthesised via Grignard, Stille coupling or Suzuki cross-coupling reactions [81, 223, 252–
256]. The properties of these co-oligomers can be altered not only by varying the number
of phenyl and thiophene units but also by changing the sequence. Starting from blue
light emitting p-hexaphenylene (p6P) the introduction of thiophene units will cause a
redshift of the fluorescence since the HOMO - LUMO gap will be decreased [240]. In
addition a pronounced redshift is observed by translating the thiophene unit from the
terminal position to the center of the molecule [233, 257]. This redshift is explained by
a reduced torsion angle between thiophene and adjacent phenyl rings, which results in a
more coplanar arrangement with improved conjugation and thus leads to a red shifted
emission. This is true for considerations in solution but the trend is retained for the
solid state. The thermal stability of phenyl endcapped thiophenes should be increased in
comparison to oligothiophenes and thienyl endcapped p-phenylenes. A terminal thiophene
unit is susceptable to heat induced reations such as polymerisation or decomposition
because of the unsubstituted alpha-position.

Fig. 9.1: Synthesis of phenyl-thiophene co-oligomers via Suzuki cross-coupling reaction.
The line connecting the carbon atoms marked with asterisks represents the long molecular
axis.

Here it is reported on two different phenyl thiophene co-oligomers: the phenyl end-
capped 5,5´-Di-4-biphenyl-2,2´-bithiophene (PPTTPP) and the thienyl endcapped 4,4´-
Di-2,2´-bithienyl-biphenyl (TTPPTT). The synthesis of these and related oligomers has
been published before [81, 223] but this novel approach by Suzuki-cross-coupling reaction
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(Fig.9.1) provides higher yields:

TTPPTT PPTTPP
yield [%] 95 vs. 77 (Facchetti, Marks et al. [81]) 91 vs. 57 (Hotta et al. [223])

Facchetti and Marks et al. utilised a two-fold Stille coupling starting from a 2,2´-
stannyl-bithiophene and 4,4´dibromo-biphenyl and tetrakis(triphenylphosphino)palladium
as catalyst in dry dimethyl formamide to achieve TTPPTT. Hotta et al. synthesised
PPTTPP by means of a two-fold Suzuki cross coupling reaction of the appropriate α-iodo
thiophene and p-phenyl boronic acid using again tetrakis(triphenylphosphino)palladium
as catalyst together with aqueous sodium carbonate in chlorobenzene.

In the present thesis the two symmetric oligomers have been synthesised in a two-
fold Suzuki cross-coupling reaction from commercially available α-bromo thiophenes and
para-phenyl boronic acids or esters, using 5 mol% tetrakis(triphenylphosphino)palladium
as catalyst together with caesium fluoride as base in dry tetrahydrofurane. The desired
products have been obtained in yield more than 90% each after refluxing for 50 h. The
final products precipitated from the reaction mixture and have been washed with water
and organic solvents repeatedly for purification. By outgassing in vacuo residual organic
solvents are removed to give the desired compounds in high purity.

9.2 Growth

9.2.1 PPTTPP

Deposition in high vacuum of the biphenyl-endcapped thiophene PPTTPP onto a freshly
cleaved muscovite mica substrate at elevated substrate temperatures leads to green fluo-
rescent fiberlike nanostrucures forming a rhombic pattern.

The nanostructures form two domains on a single sample, within each domain two fiber
orientations occur forming rhombi with the acute angle being 80°±3°. The length of the
fibers is up to 20 µm, and they possess heights and widths of few ten and few hundred
nanometer, respectively. The length is limited by the number density of the fibers: after
growing together of the two needle directions the increase in length is stopped. The
fibers show no alignment along the mica high symmetry directions, similar to thiophene
oligomers on muscovite mica [63]. The crystallographic directions have been found out
by means of a Schlagfigur.

The nanostructures possess a high degree of crystallinity, emitting strongly polarised
green light after excitation with unpolarised UV-light under normal incidence. The molec-
ular arrangement determines the optical properties of the nanofibers. The oligomer has
a transition dipole roughly along its long axis, i.e. the direction of the transition dipole
is in good accordance with the long molecular axis, which is defined by a line connecting
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9 Outlook: Phenyl-thiophene co-oligomers [10]

Fig. 9.2: Fluorescence microscopy images (λexc = 365 nm, TS = 400 K) of PPTTPP on
muscovite mica. The image (113 × 85 µm2) on the left is taken without a polariser, the
images (85 × 85 µm2) in the middle and on the right are taken through a polariser to
point out the two directions of polarisation (depicted by white arrows).

Fig. 9.3: Possible orientations of the PPTTPP oligomers within a fiber: (a) view on
ac-plane and (b) view on bc-plane of the unit cell, which are considered to face the
substrate. The transition dipoles are along the long molecular axis, which is defined
by a line connecting the carbon atoms at the 1-,1´-positions. Two fiber directions and
each with its own polarisation direction exist within one domain (cf. graphs: number
of needles vs. needle angle and polarisation maxium, respectively; green lines indicate
muscovite 〈1 1 0〉 and red lines muscovite [1 0 0]). Gaussian fits show that for some domains
light is only polarised almost parallel to muscovite high symmetry directions (a), but for
other domains light is exactly polarised parallel to muscovite high symmetry directions
(b). This could reflect two different crystal faces being parallel to the substrate.
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9.2 Growth

the carbon atoms at the 1-,1´-positions [258]. The emitted fluorescence light is always
polarised almost perpendicular to the long fiber axis. This indicates that the oligomers
are lying with their long axes almost perpendicular to the long fiber axes. According to
this in a simple conclusion the fibers can orientate with two different crystal faces parallel
to the substrate: either the ac plane ((0 1 0) face) or bc plane ((1 0 0) face) of the unit cell
can face the substrate (Fig.9.3).

Each fiber direction has its own polarisation direction, i.e. two polarisation directions
exist within one domain. The light is polarised almost parallel to muscovite [1 0 0] and
〈1 1 0〉 respectively (Fig.9.3). The plane of polarisation is never along the muscovite
〈1 1 0〉 direction which exhibits grooves, similar to the case of thiophene oligomers [63].
Actually two slightly different domains exist: For some domains light is only polarised
almost parallel to muscovite high symmetry directions, but for other domains light is
exactly polarised parallel to muscovite high symmetry directions. This could reflect two
different crystal faces being parallel to the substrate. It has to be clarified in the future
if this is a true phenomenon or if it is due to rotation of the polarisation within the
microscope´s mirror and lens setup. However, the molecules orientate with their long
axes (almost) parallel to the electric fields of the mica substrate (Fig.9.4). That way, the
two fiber directions of the phenyl-thiophenes as well as the single fiber direction of the
(functionalised) p-phenylenes can be explained by the same growth model: The driving
force for the alignment of the molecules is the maximised interaction between the electric
surface fields of the muscovite mica substrate and the induced dipole along the oligomer´s
long axis.

Similar fiberlike structures have been obtained by Yanagi et al. [80, 237, 241] after
vapour deposition of PPTTPP onto a cleaved ionic KCl (1 0 0) surface at elevated sub-
strate temperatures. The green fluorescent fiberlike crystals epitaxially grow along the
orthogonal 〈1 1 0〉 directions of the KCl substrate. That way the fibers form rectangular
patterns. Within the fibers the oligomers lie parallel to the surface and align perpendic-
ular to the long fiber axis as demonstrated by X-ray and electron diffraction patterns.
This confirms the polarisation measurements since the transition dipole of the molecules
is parallel to the molecular axis: The fluorescence light after UV-excitation is polarised
perpendicular to the long fiber axis. XRD-patterns suggest that the crystalline fibers
have either their (1 0 0) or (0 1 0) faces, i.e. bc-plane or ac-plane in contact with the KCl
surface [241] as assumed similar for the case of PPTTPP on muscovite mica.

PPTTPP has been deposited on a muscovite mica substrate for different substrate
temperatures, namely a temperature range from room temperature to 460 K is covered.
The morphology of the nanostuctures is rather independent from the substrate temper-
ature: for the whole temperature range a rhombic pattern is formed. For low substrate
temperatures the side lengths of the rhombi is clearly decreased. For substrate tempera-
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9 Outlook: Phenyl-thiophene co-oligomers [10]

Fig. 9.4: The graph (left) shows relative term of interaction energy between surface elec-
tric fields and induced dipolemoment along the long molecular axis depending on the fiber
orientation for a single rotational domain (domain 1). The orientations of PPTTPP fibers
within two different muscovite mica domains are sketched, together with the oligomers´
orientation within the fiber. Muscovite high symmetry directions are depicted by black
arrows, assumed suface dipol directions by short green arrows.

tures above 440 K no fibers can be observed, only some fluorescent islands remain on the
surface, similar to e.g. p6P.

Fig.9.5 shows atomic force microscopy images of PPTTPP on muscovite mica for differ-
ent substrate temperatures and nominal film thicknesses. For increased film thicknesses
small clusters with a height of about 10 nm on top of the fibers are visible (Fig.9.5(c)),
similar to thiophenes [63]. For moderate film thicknessess the fibers possess an even
morphology. In between the fibers small clusters are located, which are believed to be
needle-precursors similar to e.g. p6P [66–68]. Also expanded islands exhibiting flat ter-
races with 2.5 nm or 5 nm high steps indicating upright standing molecules on the surface
(Fig.9.5(a)) are visible between the fibers. Sometimes on top of these island tall aggre-
gates with heights up to 200 nm grow because of the decrease in substrate surface energy
[259], which means that they are more than double as high compared to the fibers. The
tall aggregates are non-fluorescent just like the islands. This lack of fluorescence is a clear
hint that islands and tall aggregates are built up of upright standing oligomers.

9.2.2 TTPPTT

Deposition in high vacuum of the bithienyl-endcapped biphenyl TTPPTT onto a freshly
cleaved muscovite mica substrate leads to green fluorescent fiberlike nanostrucures forming
a pattern which reminds one of fir-needles.

TTPPTT has been deposited on a muscovite mica substrate for different substrate tem-
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9.2 Growth

Fig. 9.5: AFM-images of PPTTPP on muscovite mica for different substrate temper-
atures and nominal film thicknesses: (a) TS = 385 K, 5 nm, 20 × 20 µm2; (b) TS =
350 K, 5 nm, 5 × 5 µm2; (c) TS = 400 K, 15 nm, 10 × 10 µm2: height scales 76 nm.
Tall non-fluorescent aggregates growing on non-fluorescent flat islands are marked by the
circles.

Fig. 9.6: Fluorescence microscopy images (λexc = 365 nm) of TTPPTT on muscovite
mica (a) 675 × 500 µm2, TS = 400 K, (b) 250 × 188 µm2, TS = 420 K, and an AFM-image
(c) 80 × 80 µm2, TS = 420 K, height scale 45 nm.

peratures, namely a temperature range from room temperature to 450 K is covered. The
morphology of the nanostuctures is rather independent from the substrate temperature:
for the whole temperature range fir-needle like structures are formed. For low substrate
temperatures the lengths of the needles is clearly decreasd. For substrate temperatures
above 440 K no fibers can be observed, only some fluorescent clusters remain on the
surface.

The fir-needles form two domains on a single sample, exhibiting needles, which seem
rather unorganisedly distributed around muscovite 〈1 1 0〉 directions. The needles show no
alignment exactly along the mica high symmetry directions similar to thiophene oligomers
on muscovite mica [63]. The length of the fibers obtains several ten micrometer, and they
possess heights and widths of few ten and few hundred nanometer, respectively.

As found to be typical for thiophenes, this bithienyl-endcapped oligomer crystallises
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9 Outlook: Phenyl-thiophene co-oligomers [10]

Fig. 9.7: AFM images of TTPPTT on muscovite mica (a) 50 × 50 µm2, (c) 10 × 10 µm2,
(d) 7 × 7 µm2, and (e) 5 × 5 µm2, all height scales are 70 nm. Fluorescence microscopy
image (b) shows the same area as (a). From [10].

in large areas of upright molecules in between the needles, too. This areas can be seen
by atomic force microscopy (Fig.9.6(c)) as vast islands exhibiting steps with a height of
2.7 nm or 3.0 nm. These islands are non-fluorescent because they are formed of upright
standing molecules on the surface. In the literature it has been discussed for αT6 [164],
that two different types of island exist: Either islands consisting of a simple layer of upright
standing molecules (refers to stepheight of 2.7 nm) or islands consisting of a layer of lying
molecules with a layer of upright standing molecules on top (refers to stepheight of 3.0
nm). Sometimes tall aggregates with heights up to 200 nm grow on top of those islands,
Fig.9.6(c), similar to PPTTPP, Fig.9.5(a). These non-fluorescecent tall aggregates of
upright standing oligomers appear as black areas in fluorescecence microscopy images.
The fluorescent fir needle are located in between the detritic islands.

Often fluorescence microscopy images show bright spots within the needles. These glow-
ing spots usually occur at fiber ends or at breaks within a single fiber, which can be seen
by high resolution AFM images (Fig.9.7(c),(d)) and their corresponding fluorescence mi-
croscopy image. Phenyl-thiophenes are known to act as waveguides from a certain width
[46, 57], therefore these bright spots can by attributed to waveguided light, which is scat-
terd at breaks and endings. However, not all breaks appear as bright spots (Fig.9.7(e)).
For 500 nm light, the maximum of the emission spectrum of TTPPTT needles, the con-
dition for waveguiding is a minimum width of the guiding fiber of about 290 nm [47].
The broken needle in (d) has a width of 780 nm, wheras the one in (e) is only 250 nm

132



9.2 Growth

Fig. 9.8: The graphs show the needle distribution (left) and the corresponding polari-
sation direction (right) with respect to the high symmetry directions for one domain of
TTPPTT on muscovite mica. Gaussian fits reveal four main needle directions each with
its own corresponding direction for the emitted polarised fluorescence light.

wide, thus prohibiting waveguiding for the latter one. Following this narrow fiber to the
upper right it is notably becoming wider, reaching 330 nm. At this point waveguiding is
possible, leading to the bright spot marked by an arrow in Fig.9.7(b).

Since the emitted green fluorescence light is strongly polarised, the fir needles possess
a high degree of crystallinity. Because of the herringbone packing of the molecules in
the bulk (cf. Tab.9.1) and the lowest lying transition dipole moment being in good ap-
proximation along the long molecular axis, which is defined to be along a line connecting
the carbon atoms at the 2-2´-positions, the molecule´s orientation on the surface can
be deduced from analysing the polarised emission of fluorescecne light after unpolarised
excitation with UV light. A statistical analysis of fluorescence and AFM images (Fig.9.8)
shows that the broad distribution of fir-needles around muscovite 〈1 1 0〉 is more organised
than it seems at first glance. Four main needle directions exist within a single domain,
which are distributed around grooved muscovite 〈1 1 0〉 ±10° and ±30°, respectively (ex-
perimental error ±5°). Each needle direction has its own polarisation maximum, which is
always exactly perpendicular to the long needle axis. This results in polarisation direc-
tions along non-grooved muscovite 〈1 1 0〉 and muscovite [1 0 0] for the ±30° needles, and
polarisation directions along the surface dipoles for the ±10° needles. The grooved 〈1 1 0〉
direction is not selected as molecule direction because of the unfavourable orientation
with respect to the surface electric fields, just like for (functionalised) p-phenylenes and
thiophenes. This leads to a growth model as sketched in Fig.9.9. That way, the driving
forces for the alignment of the phenyle thiophene co-oligomers are on the one hand max-
imised interaction between the muscovite mica´s surface dipoles and the induced dipole
along the oligomer´s long axis and on the other hand alignment along high symmetry
directions of the substrate, i.e. epitaxy.
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9 Outlook: Phenyl-thiophene co-oligomers [10]

Fig. 9.9: Growth model of TTPPTT on muscovite mica for two different domains. Green
triangle shows the distribution range of needles, which are pictured by the red rods for
the four main needle orientations along grooved muscovite 〈1 1 0〉 ±30° and ±10°. Green
arrows depict the surface dipoles. Oligomers orientate along non-grooved muscovite 〈1 1 0〉
and muscovite [1 0 0], respectively, for the ±30° orientation, and along the surface dipoles
for the ±10° orientation. The dotted red rods illustrate the not realised needle direction
with the oligomers oriented along grooved muscovite 〈1 1 0〉.

9.3 Linear Optics

The polarisation properties of the emitted fluorescence light depend on the molecular
orientation within the nanoaggregates, which is different for the two oligomers and have
been discussed in the previous section.

Fluorescence spectra have been recorded after continous wave UV excitation of the
nanoaggregates on the muscovite mica substrate at 325 nm. The spectra, both within
the green, can be seen in Fig.9.10. They show well resolved vibronic structures. The fine-
tuning of the emission colour depends on the total number of of phenyl- and thiophene-
rings and on their mutual arrangement within the molecule. Most probable (0-1) transi-
tions for nanoaggragates of various compounds are given in the following table for com-
parision:

molecule p4P p6P TTPPTT α4T [63] PPTTPP α6T [63]
(0-1) transition [nm] 386 422 500 512 523 590

In general, thiophenes fluoresce at higher wavelength, i.e. have a more red-shifted fluo-
rescence, compared to phenylenes possessing the same number of rings within the oligomer
because of the electron-rich sulfur atom included in the thiophene ring. The longer the
oligomer becomes, i.e. the higher the total number of rings, the more red-shifted the
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Fig. 9.10: Fluorescence spectra have been obtained after cw excitation at 325 nm from
the phenyl-thiophenes on muscovite mica. The differences within the green colour can be
seen by eye: fluorescence microscopy images (λexc = 365 nm) of TTPPTT (left, 130 ×
130 µm2) and PPTTPP (right, 85 × 85 µm2).

fluorescence. One would expect that the fluorescence of TTPPTT is more red-shifted
due to more electron-rich thiophene-moeties incorporated in the oligomer compared to
PPTTPP. But the fluorescence of TTPPTT is even blue-shifted compared to α4T, al-
though the number of thiophene-units is the same and TTPPTT even possesses two
additional phenyl-rings. This can only be explained by confering the crystal structures
and in more detail by confering the conjugation of the π-electrons, which determines
the colour of the fluorescence light (Fig9.11, Tab.9.1). Both phenyl-thiophenes consist of
zigzag-shaped oligomers. The crystals are characterised by a molecular layered structure,
in which the molecules form the well-known herringbone structure laterally spreading
along the ab-plane. A remarkable feature is that the long molecular axis is almost per-
pendicular to the ab-plane depending on the projection plane in contrast to p6P or α6T
which posses large tilting angles (up to 25° depending on the projection plane [63]). The
long molecular axis is defined to be along a connecting line between the carbon atoms at
the 1-1´-positions for PPTTPP and at the 2-2´-position for TTPPTT, respectively. The
direction of the transition dipole moment is in good accordance with the long molecular
axis, which determines the polarisation properties. However, TTPPTT has a more ‘wavy‘
molecular alignment within the crystal wheras the aromatic rings exhibit increased co-
planarity for PPTTPP. This causes enhanced conjugation of the π-electrons in cases of
PPTTPP and thus results in a red-shifted fluorescence.

Values for the emission of the here discussed phenyl-thiophenes after UV excitation
can also be found in the literature. A comparison is given for the most probable (0-1)
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Fig. 9.11: Crystal structures of (a) TTPPTT [81] and (b) PPTTPP [258].

transition in the following table:

emission wavelength [nm] for: PPTTPP TTPPTT
fibers on mica (measured here) 523 500

film on glass – 500 [81]
fibers on KCl 540 [237] and 546 [242] –

The here measured fluorescence peak for TTPPTT fir-needles on muscovite mica is in
coincidence with the value given in the literature by Facchetti and Marks et al. for a
vapour deposited film of TTPPTT on glass. The fluorescence of PPTTPP rectangles on
KCl measured by Hotta et al. is clearly red-shifted by about 20 nm compared to the
peak position obtained here for PPTTPP rhombi on muscovite mica. This disagreement
has to be clarified in the future. However, this is not in contradiction to the discussed
relationship between oligomer composition / crystal structure and tuning of the emission
colour.

9.4 Summary

In summary, phenyl-thiophene co-oligomers form well-shaped nanostructures upon vapour
deposition onto a freshly cleaved muscovite mica substrate at elevated substrate temper-
atures. The fiberlike nanostructures show polarised green fluorescence after unpolarised
excitation with UV-light under normal incidence. The co-oligomers exhibit a much less
pronounced tendency to grow sidearms compared to sexithiophene. But they show the
same asymmetric behaviour with respect to the high symmetry directions of the substrate
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crystallographic data TTPPTT [81] PPTTPP [258]
formula C28H18S4 C32H22S2

formula weight 482.66 470.65
crystal class monoclinic monoclinic
space group P21 P21/c

cell constants:
a [Å] 5.824 5.708
b [Å] 7.293 7.603
c [Å] 25.316 52.869
β [°] 96.23 97.14
Z 2 4

herringbone angle [°] 50 61.0
tilting angle [°] 1.6 1.2

Tab. 9.1: Crystallographic data for TTPPTT and PPTTPP.

as the thiophene with missing alignment along grooved muscovite 〈1 1 0〉 direction. How-
ever, the two growth directions of PPTTPP fibers as well as the single fiber direction of
the (functionalised) p-phenylenes can be explained by a combination of growth epitaxy
and dipole assisted alignment: The driving force for the alignment of the molecules is max-
imised interaction between the electric surface fields of the muscovite mica substrate and
the induced dipole along the oligomer´s long axis. An additional epitaxial driving force for
the TTPPTT oligomers is the alignment along the non-grooved muscovite high symmetry
directions. Nevertheless TTPPTT shows a more thiophene-like behaviour considering the
large islands of upright standing molecules on the surface. PPTTPP behaves more sim-
ilarly to p-phenylenes in forming mainly fiber-like structures and clusters built up from
lying molecules on the surface. The optical properties, namely the fluorescence colours,
are not simply given by total number and sequence of phenyl- and thiophene-units. Also
the co-planarity of the aromatic rings within the nano-crystals plays an important role.
However, since the fluorescence colour is within the green, this widens the spectral range
of the nanofiber´s tunable luminescence into the green.
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