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ABSTRACT

Different types of extended aromatic molecular materials exhibit unique molecular structures and the
resulting extraordinary electronic, thermal and mechanical properties make them promising candidates
Jor future electronics and composite materials. The electrical and optoelectronic properties of such
molecules rely heavily on extended m—conjugation. Herein reports which promise the establishment of a
Jamily  of  heterosuperbenzenes — with intrinsic  carbon-nitrogen  frameworks.  Oxidative
cyclodehydrogenation is a significant process in the formation of planar heteropolyaromatic graphenes
such as N-HSB (1), N-%HSB (2) and N-%:HSB (3). These graphenes result from the FeCl, catalyzed
oxidative ~cyclodehydrogenation of 1,2-dipyrimidyl-3,4,5,6-tetra-(4-tert-butylphenyl)benzene. The
extended aromaticity and enhanced planarity of 1, 2 and 3 confer interesting spectroscopic properties
on them. In the context of LED applications, the systematic replacement of carbon atoms with
electronegative nitrogen atoms enhances the carrier transport of the system. There is a paucity of
processable forms of electron-acceptor materials with desired thermal stability. N-heterosuperbenzenes
(1, 2 and 3) offer a significant advance in this regard.

In conclusion, the essential steps in the formation of intrinsically nitrogen-doped graphite
nanostructures in a controlled and systematic manner have been proven. The presence of N atoms has
rendered overall electron-accepting properties to 1 compared to its all-C analogue. The emission
studies on 1, 2 and 3 suggest that the optoelectronic properties of this emerging heterosuperbenzene
Jamily will be promising because their quantum yields and life-times. Synthetic control of the extent and
position of N doping such as demonstrated here allows molecular tuning of the optoelectronic
properties of the resultant material and provides the potential for ligand-based functionality.
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1 Introduction

The early discoveries of the electrical and optoelectronic properties of polycyclic aromatic
hydrocarbons (PAHs) have now led to promising applications in the field of organic electronics
(Miillen et al., 2007). The electrical and optoelectronic properties of such molecules rely heavily on
extended m—conjugation. In this area, organic chemists have pursued various m—conjugation systems as
active components for electronic and optoelectronic devices such as light-emitting diodes (LEDs), solar
cells and many others molecular electronic devices (Grimsdale et al., 2009). The key physical
processes for these applications are the transport and recombination of electrical charges. In particular,
the mobility of the charge carrier in the solid-state materials is one of the most important parameter that
determines the device performance (Aleshin et al., 1997).

Depending on their size and shape and the favourable overlap of n—orbitals in adjacent molecules these
materials possess the ability to form ordered columnar mesophases with high charge carrier mobilities
along the columnar axis. This makes them suitable as semiconducting materials (Miiller and Miillen,
2007). Hexa-peri-hexabenzocoronene (HBC) exhibits one of the highest intrinsic charge carrier
mobilities for a discotic material (van de Craats and Warman, 2001). The variation of the periphery,
topology, size and shape of a HBC has a distinct impact on its electronic properties and its self-
assembling behaviour.

Therefore, it is possible to change the periphery, size and shape of a PAH through substitution of both
the ring atoms and their R groups resulting in various PAHs that exhibits unique properties, which will
be discussed below.

1.2 Statement of Problem

Generally PAHs with R=H show extremely low solubility in most common organic solvents such as
toluene, chloroform etc. This insolubility leads not only for problems when attempting to fully
characterise them, but also increases the difficulty of thin film or device fabrication.

1.3 Objective/s of the Study

The introduction of nitrogen atoms and zerz-butyl groups confers to the nitrogen heterosuperbenzenes
the dual advantages of ligand functionality and increased solubility compared to their all-carbon
analogues (Draper et al., 2004). In the context of LED applications, the systematic replacement of
carbon atoms with electronegative nitrogen atoms enhances the carrier transport of the system. There is
a paucity of processable forms of electron-acceptor materials with desired thermal stability. N-
heterosuperbenzenes (1, 2 and 3) offer a significant advance in this regard.

1.4 Review of Literature

Distinctly different types of graphitic forms exhibit unique properties which have fascinated the
scientific community over the last two decades. Their unique molecular structures and the resulting
extraordinary electronic, thermal and mechanical properties make them promising candidates for future
electronics and composite materials (Rojas ef al., 2008). The electrical and optoelectronic properties of
such molecules rely heavily on extended m—conjugation. Miillen er al. have developed a route to a
series of predefined all-carbon superbenzenes via the cyclodehydrogenation of polyphenylene
precursors (Watson et al., 2001).

2 Methodology
2.1 Materials

Flash chromatography was performed using silica gel as the stationary phase. All other chemicals were
obtained from commercial sources unless otherwise stated.

Nuclear magnetic resonance data were recorded on Bruker DPX 400 and Bruker Avance II 600
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spectrometers in CDCl;. Both solvents were standardized with respect to TMS. UV-Vis absorption
spectra were recorded on a Shimadzu UV-2401PC. Emission spectra were recorded on a Varian
Fluorescence Cary Eclipse spectrophotometer. Electrospray mass spectra (ESI-MS) were obtained on a
Micromass LCT Electrospray Mass Spectrometer. The single-crystal analysed on a Britkker SMART
APEX CCD diffractometer using graphite monochromised Mo-K, (1=0.71073 A) radiation at the
temperature range 298—120 and 23K.

2.2 Synthesis

Carbon polyphenylene precursors are usually generated by the cyclotrimerization (Hyatt, 1991) of
phenyl-substituted ethynes, or the Diels-Alder [2+4] cycloaddition of the same with
tetraphenylcyclopentadienone (Ogliaruso et al., 1965).

To achieve N-doped polyphenylene modify the established synthetic protocol (Ogliaruso et al., 1965)
by incorporating pyrimidine substituents into the alkyne. Di-(pyrimid-3,5-yl)acetylene and 2,3.4,5-
tetra-(4-fert-butylphenyl)cyclopentadienone were synthesized via a Sonogashira coupling reaction and
a two-fold Knoevenagel condensation reaction, respectively. The final step in the formation of 1 is the
synthesis of the polyphenylene precursor 4 (Scheme 1) via the Diels-Alder [2+4] cycloaddition
(Ogliaruso ef al., 1965) of phenyl-substituted ethynes and tetraphenylcyclopentadienone (Draper et al.,
2002).

Intramolecular cyclodehydrogenation of an N-doped hexaarylbenzene (N-HAB) derivative is the key
and final step responsible for the ‘planarisation’ of the N-HAB to furnish a rigid structure (Schemel).

Scheme 1. The synthesis of varied nitrogen-heterosuperbenzenes N-HSB (1), N-4HSB (2) and N-

7%2HSB (3) generated by varying degree of planarity via intramolecular oxidative cyclodehydrogenation

of oligophenelyene precursor (4) using (i) AlCl;, CuCl, and CS,.

3 Results and Discussion

3.1 Synthesis of N-heterosuperbenzenes 1, 2 and 3

N-HSB (1) was obtained via oxidative cyclodehydrogenation of 4 using AICl; and CuCl, (46% yield).
The cyclodehydrogenation of 4 is lower-yielding than that of the all-carbon polyphenylene precursors
and the reason is the formation of several products. Typically all-carbon systems give rise to the fully-
cyclised product in over 90% yield (Fogel et al, 2007 and Iyer et al, 1997). In the
cyclodehydrogenation of 4, products 2 and 3 as well as the fully cyclised product 1 (N-HSB, six C—C
bond fusions) were identified. When the nitrogen atoms are incorporated into the hexaphenylbenzene
precursor (4), the fully cyclised product 1 is co-synthesised with partially-cyclised products 2 (N-
#HSB, four C—C bond fusions) (23% yield) and 3 (N-/4HSB, three C—C bond fusions) (20% yield).

3.2 Characterisation

The formation of 1, 2 and 3 were characterised with the aid of mass spectrometry, elemental analysis,
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'H, °C NMR and 135° DEPT spectroscopy, 'H-'H COSY, C-'H COSY (HMQC), IR, UV-Vis
absorption and fluorescence spectroscopy. 1 and 2 were further characterised by X-ray crystallography
(Lankage, 2010). The melting points of 1, 2 and 3 were >360 °C.

Mass spectral data of 1 [calculated for Cs4Hs/Ny, (M+H)* m/z 751.3801; found, 751.2167], 2
[calculated for CssHsiNy, (M+H)" m/z 755.4114; found, 755.4104.] and 3 [calculated for Cs,Hs3Ny,
(M+H)" m/z 757.4270; found, 757.4282] were found in toluene.

Figure 1 shows the 'H NMR spectra of 1, 2 and 3. The 'H NMR spectra of 1 and 3 is simplified by the
presence of a C; axis of symmetry running through the molecule as shown in (Figure 1-a and 1-c). 'H
NMR spectra of 1 and 3 show two sets of aliphatic signals integrating for 18 hydrogen atoms each,
corresponding to the two pairs of equivalent zerz-butyl protons (Figure 1-a and 1-c). Aromatic region of
'H NMR spectra of 1 shows five signals, each integrating for two hydrogen atoms (Figure 1-a) and 3
shows six signals, 1-4 H’s integrating for two hydrogen atoms and 5-6 H’s for four hydrogen atoms
(Figure 1-c). These results were consistent with the literature values (Draper ef al., 2002 and Gregg et
al., 2005).
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Figure 1. The "H NMR spectra of () N-HSB (1), (b) N-%HSB (2) and (c) N-%HSB (3) in CDCl; at RT,

400 MHz. Note: aromatic regions and aliphatic regions are not drawn on the same scale.

Compound 2 comprises ten fused aromatic rings and one “uncyclised” aryl ring, which can rotate
between the partially fused aryl rings. The uncyclised aryl ring can rotate freely because of twisting of
the partially fused rings above and below the plane (crystal structure of 2, Figure 3-a). The presence of
this unique ring reduces the size of the aromatic platform compared to 1 and reduces the Symmetry.
Collectively, 12 aromatic signals are observed in the aromatic region of the 'H NMR spectrum of 2,
integrating for 14 hydrogen atoms. The well-resolved coupling information from 'H NMR, 'H-'H
COSY, “C-'H COSY and NOE spectra permitted the complete assignment of the aromatic and
aliphatic proton signals (Figure 1-b). The aromatic signals at lowest field (5 10.16 and & 10.10) are
assigned to the two hydrogen atoms located between the pyrimidine nitrogens (H1 and H1’) and the
other four singlets between J 8.7-9.8 are attributed to the four hydrogens (H2-4) and H11 located on the
fused aryl rings (Figure 1-b). The aryl ring that remains uncyclised gives rise to two doublets at & 7.51
(H7) and 6 7.71 (H8), each integrating for two protons. The 'H NMR spectrum also shows four
aliphatic signals for the four sets of 7ers-butyl protons at § 1.78 (tert-butyls of (12) “cyclised” aryl ring),
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0 1.61 (tert-butyls of (14) “uncyclised” aryl ring) and J 1.53 and 1.52 (tert-butyls of (13 and 15) “half
cyclised” aryl rings), with the latter two signals being almost coincident. These four aliphatic signals
each integrate for 9 protons (Figure 1-b). The integration, coupling patterns and chemical shifts of these
aromatic signals confirm that four C—C bond fusions have occurred at the pyrimidine-end of the
molecule.
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Figure 2. (a) The synchrotron single crystal structure of N-HSB-%CHCl;-%H,O0 (1), (b) the pictorial
representation of helical ABCABC packing arrangement of the molecules and (c) packing arrangement

along a axis.

Crystals suitable for synchrotron single-crystal structure analysis were obtained by slow evaporation of
a solution mixture of 1 in chloroform/methanol at room temperature. 1 crystallises in the common
space group P2,2,2, with three molecules of 1, one chloroform molecule and a water molecule in the
asymmetric unit (Figure 2-a). In the crystal structure, 1 exists in dimers, stabilised by 7" x interactions
measuring approximately 3.7 A. The remarkable differences in the © 1 stacking of these systems due
to changes in peripheral organic substituents have been observed in the literature (Wu et al., 2004).

Molecule 1 is packed in an ABCABC columnar stacking arrangement (Figure 2-b) with each column
surrounded by six other columns (Figure 2-c). Figure 2-b displays the pictorial representation of the
helical arrangement of 1 (fert-butyl groups have been removed for easy visualisation). Molecule B is
rotated 143° from molecule A in the columnar stack. Molecule C is rotated 153° from B and the
underlying molecule A is rotated by a further 64° from C. The molecules of 1 are held together by
numerous N'H and N'~O intermolecular interactions along with the 7 n interactions. The interactions
of N'"O and N""H between 1 and solvent molecules are the most significant and strong interactions that
were exhibited in the supramolecular network. These results support the observation of solution
aggregation in the spectroscopic data.

Figure 3. (a) The single crystal X-ray structure of N-4HSB-%CHCl; (2) (disorder has been removed
for clarity), (b) view from above the plane of a dimer (AB) and (c) packing arrangement: intra-layer
interactions in the assembly.

Compound 2 crystallises in the common space group P1 with one molecule in the asymmetric unit. The
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crystal structure is highly disordered due to the free aryl ring rotation and twisting of the adjacent

partially-fused aryl rings (above and below the plane) (Figure 3-a).

Compound 2 comprises ten fused rings and this twisted aromatic platform promotes dimer formation
(ABAB packing) due to 7"z interactions (3.41 A) (Figure 3-b). Also the benzene rings of the
planarised portions are offset from each other so that the centre of each six-membered ring is precisely
superimposed on a carbon atom in the underlying molecule (Figure 3-b). This behaviour is observed in
the ideal crystal structure of graphite known as Bernal stacking (Ebbesen, 1997). These dimers are

arranged in a head-to-tail manner, aligning the free aryl rings opposite to each other (Figure 3-b).

The molecular self-assembly of 2 is further held together by N-H interactions with chloroform
molecules and very weak interactions in between molecules (Figure 3-¢) The most significant N"H
interactions are between 2 and chloroform forming a layered self-assembly. The interlayer (A and B)
7w interactions form a sandwich-type molecular self-assembly in the crystal packing arrangement.
The distance between the sandwich-type (AB AB) double layers is approximately 4.80 A. These results
support the aggregation observed in solution spectroscopic data of 2 such that H atoms between the
pyrimidines (H1 and H1’) are most downfield shifted on dilution or increased temperature.

3.3 Photophysical Properties

The overlaid absorption spectra of 1-3 in chloroform are presented in figure 4-a. The absorption
spectra of nonplanar 2 and 3 are markedly similar to that of the fully cyclised N-HSB (1) in terms of
overall shape. However, their spectra lack the clear fine structure for which the rigidity, planarity and
aggregation of 1 are responsible (Gregg et al., 2005). A considerable reduction in €, due to the loss of
a C-C bond fusion that contributes to the 7—conjugation (Table 1). Overall the absorption maxima of 2
(304 nm) and 3 (289 nm) are blue-shifted with respect to 1 (354 nm) (Figure 4-a and Table 1).
Similarly, the lowest energy bands of 2 (463 nm) and 3 (429 nm) are blue-shifted with respect to 1 (481
nm). These findings are in agreement with the reduction in the degree of conjugation and the depletion

of 7—electron density in 2 and 3.
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Figure 4. (a) Overlaid absorption spectra and (b) overlaid emission spectra of 1, 2 and 3 in chloroform
at room temperature.
Figure 4-b represents the emission spectra of 1 to 3 in chloroform at room temperature and their Apg™

(544, 505 and 502 nm, respectively) have blue-shifted. This is a further consequence of the diminution
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in 7/z* framework. Rigidity is known to assist in reducing nonradiative decay and to help prolong

excited-state lifetimes (Treadway et al., 1996).

The emission spectra of 1, 2 and 3 are independent of the wavelength of excitation. The compounds 1,
2 and 3 in chloroform were excited at all absorption maxima wavelengths with a fixed slit width and in
each case the emission maxima remained at 544, 505 and 502 nm, respectively. This further suggests
that there is a single luminescent species. The highest intensity emission spectra of 1, 2 and 3 are
generated by irradiating at 354, 304 and 289 nm, which is the A" in the absorption spectrum.

Comparison of A, and Amax " 0f 1, 2 and 3 is summarized below in table 1.

Tablel. Comparison of 1, 2 and 3 with their Amax™s Amax™ in chloroform

A [nmm],
Compound | Structure b Aoy [0m]
Emax [M™ cm™]
N-HSB (1) | fully cyclized (6 bonds) 354, 68000 544
NHSB (2) | % cyclized (4 bonds) 304, 26000 505
N-2HSB (3) half cyclized (3 bonds) 289, 45600 502

The absorption and emission studies of nitrogen-containing aromatic systems show (n,7*) and (z,7*)
transitions and their nature could be excited singlet state or triplet state. The nature of these excited
state transitions varies as singlet or triplet states depending on the molecule’s size, shape and the
number of heteroatoms it contains and the solvent environment (Bent et al., 1975 and Bandyopadhyay
and Harriman, 1977). When additional aromatic rings are added to the nitrogen-containing aromatic
system, additional bonding and antibonding levels are introduced resulting in the reduction of the
energy of the lowest 7—z* transition (Lee et al., 1999 and Badger and Walker, 1956). Therefore, we
expect the lowest excited state transitions of 1, 2 and 3 are from the (7,7*) level. This is further

supported by the red-shift observed for the emission maxima of 1, 2 and 3 in polar solvents.

Isolation of 2 and 3 is a step toward a new generation of intensely fluorescing nitrogen-
heterosuperbenzenes emitting at a variety of wavelengths. With most well-developed organic polymer
and conjugated molecular systems being red to green light emitting materials (Kraft ez al., 1998 and
Rees et al., 2002), 2 and 3 are important members of the more limited group of compounds that emit in

the blue region.

4 Conclusion and Recommendations

In conclusion, the essential steps in the formation of intrinsically nitrogen-doped graphite
nanostructures in a controlled and systematic manner have been proven. The presence of N atoms has
rendered overall electron-accepting properties to 1 compared to its all-C analogue. The emission
studies on 1, 2 and 3 suggest that the optoelectronic properties of this emerging heterosuperbenzene
family will be promising. Synthetic control of the extent and position of N doping such as

demonstrated here allows molecular tuning of the optoelectronic properties of the resultant material and

377



provides the dual advantages of ligand functionality and increased solubility.
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