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The self-assembly of polycyclic aromatic hydrocarbons
(PAHs) to form nanostructures of different morphologies is
attractive for supramolecular electronics.!! The aggregates
obtained from m—m interactions between PAHs can provide
charge-transporting pathways and thus can be used as active
materials in electronic and optoelectronic devices.”! The
appropriate functionalization of discotic PAHs such as
triphenylene, dibenzonaphthacene, and hexa-peri-hexaben-
zocoronene improves both their ability to be processed and
their aggregation behavior. The latter advantage comes from
the presence of additional intermolecular forces, including
van der Waals interactions, amphiphilic interactions, hydro-
gen bonding, or other noncovalent forces.’! However, the
introduction of substituents can only be done at the periphery
of the discs. The incorporation of heteroatoms into the
aromatic skeleton of such PAHs offers an opportunity to
strongly influence their intermolecular carrier-transport prop-
erties when they are fabricated into nanoarchitectural devi-
ces.B¥ Although a few centrally charged discotic PAHs have
been synthesized,”! to the best of our knowledge, their
aggregation behavior has not been reported.

Herein, we present a series of amphiphilic centrally
charged discotic PAHs, 9-alkyl-2-phenylbenzo[8,9]quinoliz-
ino[4,5,6,7-fed]phenanthridinylium salts, abbreviated as
PQPX-n, where X stands for the anion and n corresponds
to the number of methylene units in the alkyl chain. The self-
assembly behavior of these PQPs in solution as well as in the
solid state has been investigated. One-dimensional (1D)
nanoscaled fibers, ribbons, and tubular structures were
formed simply and in a defined manner by varying the
length of the alkyl chains and the counterions of the charged
PAHs. Furthermore, the mechanism of PQP aggregation is
proposed.
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The synthesis of the 1-aryl-2.4,6-triphenylpyridinium salts
and their subsequent dehydrogenations were carried out by a
modified literature procedurel (see the Supporting Informa-
tion). PQPX-6 and PQPX-14 with chloride and tetrafluor-
oborate as counterions were synthesized in this way
(Scheme 1). The molecules were characterized by "H NMR
and “C NMR spectroscopy as well as by MALDI-TOF mass
spectrometry (see the Supporting Information).

R
PQPX-n

X =Cl, BF,
R=CgH,;5, CiiHy

Scheme 1. Synthesis of PQPCl-n and PQPBF,-n; a) ethanol, refluxing;
b) ethanol, RT, hv.

Drop-casting methanolic solutions of PQPCI-6 and
PQPCI-14 on a silicon wafer and removing the solvent
quickly with a piece of filter paper resulted in 1D aggregates
on the surface (Figure 1). Scanning electronic microscopy
(SEM) and transmission electron microscopy (TEM) images
indicated that PQPCI-6 aggregated to fibers with a uniform
width of approximately 40 nm (Figure 1a). In contrast with
the cylinderlike fibers formed from PQPCI-6, PQPCI-14 self-
assembled into ribbonlike aggregates with a width of 80 nm
and lengths ranging from 0.5 to 2 um (Figure 1b). The
different thickness of the ribbons (Figure 1c) suggested that
the ribbons were composed of overlapping sheets to form a
layer-by-layer structure (so-called lamellar packing). The
occasionally twisted ribbons (Figure 1d) demonstrated the
flexibility of these aggregates. Although environmental
factors could influence the aggregation of the PQP molecules
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Figure 1. a) SEM and TEM images (inset) of the solid fibers formed by
PQPCI-6; b) SEM image of nanoribbons formed by PQPCI-14; c) and
d) TEM images of nanoribbons formed by PQPCI-14 at different
magnifications (1x107° molL™" in methanol).

when they were transferred to the substrates,® aggregation
already occurred in methanolic solution. This conclusion
stems from dynamic light scattering (DLS) experiments
performed on methanolic solutions of PQPCI-6 (0.4 gL™")
and PQPCI-14 (0.24 gL™"). According to their autocorrela-
tion functions, both PQP salts indeed exhibited aggregation
under these conditions. The hydrodynamic radii of the
aggregates, R,, were 28 nm and 77 nm, respectively (see
Figure S1 in the Supporting Information). It should be noted
that these nanostructures were reproducibly formed, even on
different substrate surfaces such as silicon, glass, and highly
ordered pyrolytic graphite (HOPG).

The morphological differences between PQPCI-6 and
PQPCI-14 suggest a different packing mode for the two
molecules, which is further supported by wide-angle X-ray
scattering (WAXS) measurements of their dried powders
obtained from methanolic solutions. The WAXS pattern of
PQPCI-14 (see Figure 3 and Figure S2 in the Supporting
Information) showed intense reflections with d spacings of
40.1, 19.6, and 13.2 A, which are characteristic of a lamellar
structure.’? Considering that the fully extended molecular
length of PQPCI-14 is 28 A ¥ each lamella may consist of two
interdigitated PQPCI-14 molecular layers (Figure 4). In con-
trast, PQPCI-6 does not adopt such a lamellar structure
according to WAXS analysis (see Figure S2 in the Supporting
Information). Compared with PQPCI-14, PQPCI-6 exhibited
a clear shift of its diffraction peaks to larger angles in the
range of 10 to 30°, suggesting a more condensed packing of
the discotic molecular units.*™¢! According to Israelachivili’s
packing-parameter theory for amphiphiles, the ribbons from
PQPCI-14 have a larger aggregation number N than the fibers
from PQPCI-6."? This corresponds to a smaller optimal
surface area per molecule a, and an increase in the
aggregation parameter P! Generally, for common surfac-
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tants, the tail length has no significant impact on the packing
parameters, especially in the case of cylindrical and lamellar
aggregates.'”! However, in this work, the transition from
fibers to ribbons is observed upon changing the hexyl chains
to tetradecyl chains. A possible reason could be the presence
of the PAH part in the PQPs. Strong aromatic interactions
between PQP molecules were detected by electron-diffrac-
tion analysis of the PQP aggregates (see Figure S3 in the
Supporting Information). Compared with PQPCI-6, the less
condensed but more ordered packing of PQPCI-14, which is
obvious from WAXS, can be attributed to the increase in the
length of the tails. The steric hindrance induced by the long
alkyl chains probably prevents the aromatic part from getting
closer.’*¢l However, considering that the packing parameter
P of the ribbon increases, the head-group repulsion is
presumably reduced, and other interactions such as solvo-
phobic effects and attractive interactions between the
chains™! become more important in achieving lower inter-
action free energies and a smaller optimal surface area per
molecule a,.'%! It is known that differences in substituent
groups can significantly influence the aggregation behavior of
polypeptides and conjugated polymers,'!! and it is now
evident that the same is true for the PQP salts described
herein.

Besides changing the length of alkyl chain, changing the
counterions also altered the morphology of the aggregates.
Compared with the ribbons obtained from PQPCI-14, rela-
tively long aggregates were formed from PQPBF,-14 with a
length of around 5 ym and a diameter ranging from 80 to
150 nm (Figure 2 a,b). Interestingly, some of these aggregates
had helical structures with varying pitch (Figure 2b). TEM
characterization disclosed that many of the nonhelical
aggregates were actually tubes with a wall thickness of 40—
60 nm and an inner diameter of 20-50 nm (Figure 2c¢,d). The
different thickness of the tube walls (Figure 2c¢) implied that
the tubes were constructed by lamellar packing.

b

Figure 2. SEM (a,b) and TEM (c,d) images of the aggregates formed
by PQPBF,-14(1x107* mol L™ in methanol).
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The aggregation behavior of PQPX-14 is affected by
varying the inorganic counterion. Although organic counter-
ions have previously been shown to influence the self-
assembly of amphiphiles,'” there is no previous example of
purely inorganic counterions bringing about significant
changes in morphology. The effect of the counterion-depend-
ant change on the morphology was measured by the WAXS of
PQPCI-14 and PQPBF,-14 (Figure 3). Three sharp reflec-
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Figure 3. WAXS pattern of the dried powder of PQPCIl-14 and PQPBF,-
14 obtained from the methanolic solution.
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Figure 4. Representation showing a change in the counterion from Cl
to BF,” leading to a change from nanoribbons to helices and tubes.

tions, which are characteristic of lamellar stacking, appear at
the same positions in their WAXS patterns. This provides
evidence that both the ribbons from PQPCI-14 and the tubes
from PQPBF,-14 are formed from similar lamellar structures.
However, their diffractions between 10 and 30° are different,
suggesting different packing motifs within lamellae.

The layered structure of the ribbon-shaped aggregates of
PQPCI-14 is consistent with the stacking of the charged PAH
head groups in a perfect face-to-face orientation with chloride
ions (ionic radius = 1.21 A in aqueous solution)!"¥ sandwiched
between them (Figure 4). The helical and tubular aggregates
of PQPBF,-14 suggest that the replacement of the chloride
ions with the larger tetrafluoroborate ions (ionic radius =
230 A in aqueous solution)!" disrupts the perfect face-to-
face alignment of adjacent PQP cations and causes them to
adopt a slipped face-to-face orientation (Figure 4). Conse-
quently, neighboring pairs of PQP cations are rotated with
respect to one another along the axis of the aggregate and a
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helical or tubular structure results. The different molecular
alignment in the aggregates of PQPCl-14 and PQPBF,-14 is
further supported by WAXS and FTIR. The WAXS pattern of
PQPCI-14 showed diffraction peaks at 0.45, 0.43, 0.36, and
0.34 nm, whereas the pattern of PQPBF,-14 showed peaks at
0.44, 0.39, and 0.34 nm (Figure 3). The observation of weak
bands at 3100 and 3350 cm " in the FTIR spectrum of PQPCI-
14 and the virtual absence of analogous bands in the spectrum
of PQPBF,-14 (see Figure S4 in the Supporting Information)
suggest that hydrogen bonding may also play a role in the
formation of ribbon or helical structures as it does in
ammonium salts and ionic liquids.™

The WAXS patterns of PQPCI-6 and PQPBF,-6 were
consistent with an increase in distance between the PQP
cations (see Figure S5 in the Supporting Information) upon
going from Cl”~ to BF, . However, aggregation of PQPBF,-6
resulted in fibers (Figure 5), which were similar to those
obtained from PQPCI-6, indicating that the change of the
counterions has no significant effect on the self-assembly of
PQP with short alkyl chains.

Figure 5. SEM image (a) and TEM image (b) of the aggregates formed
by PQPBF,-6(1x10 mol L™" in methanol).

In summary, the self-assembly behavior of positively
charged PAHs (PQP salts) was investigated. One-dimen-
sional nanofibers with a uniform size distribution were
obtained from the aggregation of PQPCl-6 and PQPBF,-6
in methanol. Increasing the alkyl chain length of the PQP salts
reproducibly resulted in layered nanoscale structures,
whereas changing the counterion of the PQP salts from CI™
to BF, led to a change in the morphology of the aggregate
from nanoribbons to helices and tubes. This is interpreted as
being due to the changes in intermolecular orientations within
layers. Various ion-containing nano-objects can be control-
lably obtained by this method. The nano-objects reported
herein are expected to be useful in the fabrication of
miniaturized devices such as biosensors, electrochromic
devices, or light-emitting diodes (LEDs).['"]
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