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A triskelion-shaped mesogen has been synthesized by combining in a single structure, two iconic discotic
polycyclic aromatic hydrocarbons (PAHs), namely hexabenzocoronene (HBC), serving as the central core,
and three radial mesomorphic triphenylene (TP) subunits sigma-bonded to HBC. The resulting mixed, m-
extended oligomer displays a broad temperature range columnar mesophase, characterized by self-sorted
columnar stacks of HBC radially fused with three TP-based columns, respectively, evenly distributed within
a rectangular 2D lattice (Col.c-p2mg). The photophysical properties reveal a wide absorption band that
encompasses the combined absorption features of both components, while the emission is predominantly
centred on the HBC moiety. Furthermore, the compound demonstrates ambipolar charge transport
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) form a ubiquitous and
extremely diverse class of m-conjugated organic molecules." Pri-
marily composed of condensed benzene and cyclopentadiene
rings, PAHs exhibit remarkable variation in size and shape e.g.
acenes and picenes,”> rylenes and pyrenes,’ circumacenes,”
helicenes etc.” Their complexity extends to intricate and even
contorted topologies,”® alongside numerous geometrical
isomers.”® These structural nuances profoundly influence their
n-1 intermolecular interactions, electronic and optical properties,
as well as their aromaticity, chemical reactivity, thermal and photo
stability.” Their study thus elicits significant interest across var-
ious fields, including environmental and health sciences," as well
as material engineering,"* where PAHs are particularly appealing
as fundamental building blocks for organic electronics and
optoelectronics with applications encompassing flexible electro-
nics, sensors, light and energy storage devices, biomedical ima-
ging, and display technologies.
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behaviour, with a pronounced electron-dominant transport.

PAHs, and particularly the emblematic triphenylenes (TPs)"?
and hexabenzocoronenes (HBCs),"* alongside their n-extended
derivatives,"* have been extensively explored as functional
discotic liquid crystal (DLC) materials when aliphatic chains
are grafted onto their periphery.'” This straightforward design
enables these molecules to spontaneously stack in one-dimen-
sional columnar structures driven by strong n-n stacking interac-
tions. These columns then self-organize into liquid crystalline
two-dimensional networks, mediated by the alkyl chains. Among
their distinctive advantages, these materials can be macroscopi-
cally aligned into large monodomains, ease processing, and self-
heal structural defects due to molecular fluctuations and mobility.
These supramolecular networks can persist over a broad tempera-
ture range, a critical factor for applications that demand thermal
robustness. The potential efficient transport charge carriers along
the columns, coupled with tuneable light absorption and emis-
sion properties, positions DLC based on TPs and HBCs as
attractive candidates for the next-generation organic electronic,
optoelectronic, and energy-related devices, offering significant
potential for technological breakthroughs."**'¢

Chemical modifications of both the core and periphery of TP
and HBC moieites,'” or their association within complex oligo-
meric structures,'®'® have led to the development of a wide
range of fascinating molecular architectures. These modifica-
tions not only significantly broaden the potential application
domains of these materials but also enhance performance of
devices in which they are incorporated, enabling advancements
across various fields, including organic electronics and opto-
electronics. One promising approach involves the use of rigid,
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n-extended oligomers - molecules composed of a few repeated
PAH monomeric units connected directly by conjugated (o, ©t) or
metallic bonds,' to prevent the interruption of the conjugation,
as opposed to the more common flexible oligomers linked by
soft spacers.'® In such hybrid structures, the sequential arrange-
ment of the PAH units and the overall oligomeric topology
(linear, branched) will play a key role in determining electronic
properties and organization by influencing orbitals’ overlaps and
stacking interactions (steric hindrance and torsion angle
between successive units). To date, only a limited number of
such extended conjugated oligomeric discotic systems have been
yet synthesized."

In this study, we present the synthesis and detailed investi-
gation of the mesomorphic, electronic and optical properties of
an unprecedented n-extended oligomer featuring a distinctive
triskelion-like shape.® This compound may be considered as a
unique subclass of the emerging family of hekate mesogenic
materials.”® This molecule, combining a central HBC core
c-bonded to three radial TP subunits, self-organizes into a broad
temperature range columnar rectangular mesophase (Colie.-
p2mg), displays a wide absorption band that encompasses the
combined absorption features of both components, while the
emission is predominantly centred on the HBC moiety. Further,
it demonstrates ambipolar charge transport behaviour, with
electron-dominant transport. This type of materials therefore
offers new insights into the design of advanced functional
materials with tailored properties for use in a variety of applica-
tions, including liquid crystal devices and organic electronics.

Results and discussion
Synthetic procedures

The oligomer, designated as HBC-3TP, was synthesized in moder-
ate yields by Suzuki coupling (31%, Scheme 1) between (3,6,7,10,11-
pentaalkoxytriphenylene)dioxoborolane (TP8/2-Bpin, Scheme S1,
ESIT)*" and 2,8,14-triiodohexabenzo[bc,ef,hi,kl,no,grlcoronene®
(HBC-3I, Scheme S2, ESIt). To enhance the solubility of the
oligomer and decrease the transition temperatures, a racemic
branched alkyl chain (3,7-dimethyloctyl) was introduced to modify
the TP periphery in place of linear n-alkyl chains."*'* HBC-3TP was
fully characterized by CHN elemental analysis, '"H and *C NMR
and HRMS (Fig. S1-S11, ESI¥).

Thermal and liquid crystal properties

Thermogravimetric analysis in dynamic mode (TGA, Fig. 1(a)
and Table S1, ESIf) demonstrates the compound’s high ther-
mal stability, with a decomposition temperature starting above
330 °C (measured at 5% weigh-loss). This stability allowed for
the recording of reversible differential scanning calorimetry
(DSC, Fig. 1(b) and Table S2, ESIY) cycles, up to slightly above
the isotropization temperature, at 288 °C. After cooling from
the isotropic liquid, the compound does not crystallize and
remains indefinitely in the mesomorphous state.

Polarized optical microscopy (POM) observations conducted
during cooling from the isotropic liquid confirmed the
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Scheme 1 Synthesis and chemical structure of HBC-3TP (the syntheses of
TP8/2-Bpin and HBC-3I are shown in ESI, Schemes S1 and S2, respectively).
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Fig.1 TGA (a) and DSC (b) curves of HBC-3TP (TGA: 1, 2 and 5%
correspond to decomposition temperatures at 1, 2 and 5% weight-loss,
see also Table S1 (ESIt); DSC: 1st cooling and 2nd heating, blue and red
curves, respectively, see also Table S2, ESIT).
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exhibiting fern-like and pseudo-focal conic defects could be
observed, characteristics of a columnar mesophase (Fig. 2).

Small- and wide-angle X-ray scattering (S/WAXS) patterns
were recorded at various temperatures during both heating and
cooling cycles to identify the mesophase. During the first
heating process, the sample remained stiff until approximately
200 °C (as observed by POM), where it began to soften into the
mesomorphic state. Consistently, the S/WAXS patterns showed
slightly broaden small-angle peaks (Fig. S12, ESIf), which
compromised indexing accuracy. To improve measurement
quality, the temperature was increased to 275 °C - the max-
imum oven temperature - a few degrees Celsius below the
isotropic liquid state (Fig. 1), and the sample was held at this
temperature for 2-3 minutes before being slowly cooled to
250 °C for X-ray recording. This thermal annealing led to
well-resolved X-ray diffraction patterns, which unexpectedly
revealed a large number of sharp small-angle reflections, with
the first four peaks being notably very intense, and an atypical
distribution of the reflection intensities. This small-angle part
remains almost unchanged between 250 and 50 °C (Fig. S12,
ESIY), i.e. peak positions and intensities are almost invariant,
which signifies the preservation of lattice size and symmetry.
The entire set of reflections could be successfully indexed accord-
ing to a two-dimensional lattice of rectangular symmetry (Fig. 3
and Fig. S12, Table S3, ESIf). In the wide-angle region, a pro-
nounced pseudo-sharpened peak, increasing with temperature
from 3.77 to 4.0 A corresponding to the m-m stacking between
aromatic nuclei in supramolecular columns, %, is observed (Agpc
and Arp cannot be actually differentiated because their values are
very close to each other, i, & hypc ~ hrp),>>** alongside a wide
and strong dispersion peak centred around 5.0 A corresponding
to alkyl chains in the molten state, 4., HBC-3TP thus self-
organizes into a rectangular columnar mesophase, with two
columnar motifs (N, = 2) per lattice.

The numerous reflections, systematically observed across all
temperatures (Fig. S12, ESIf), indicate a longrange, two-
dimensional expansion of the rectangular lattice and the presence
of well-defined aliphatic-aromatic interfaces, creating distinctly

Fig. 2 POM photomicrographs of HBC-3TP, obtained on slow cooling
from the isotropic liquid at different temperatures.
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Fig. 3 S/WAXS pattern of HBC-3TP recorded on cooling at 200 °C,
showing the peaks indexation with hk Miller indices (see also Table S3, ESIT).

segregated regions of high electronic density interspersed with a
low-electronic-density aliphatic continuum. The atypical distribu-
tion of the reflection intensities aligns with a low-symmetry
alternating electronic density pattern within the rectangular lat-
tice. These distinctive features are attributed to the molecule’s
unique triskelion geometry and efficient molecular self-sorting
between HBC core, TP moieties and chains, indicative of a highly
specific supramolecular organisation.

The induction of the columnar mesophase is primarily driven
by the segregation between aromatic and aliphatic components,
along with the natural tendency of the large HBC cores and the
smaller TP cores to stack into distinct “HBC-like”” and ‘“TP-like”
one-dimensional columns, respectively. This differentiation
arises from the specific molecule’s triskelion-like shape (see
DFT, Fig. S15, ESIY), the significant size disparity between the
two aromatic cores diameters (¢upc > ¢rp) and stoichiometry
(HBC: TP 1:3), and the presence of aliphatic chains exclusively
on the TP units, which make the formation of mixed HBC-TP
stacks highly unlikely. The parameters and cross-sectional area
of the rectangular lattice (a = 94.92 A, b = 39.45 A, § = 3745 A? at
200 °C, Table S3, ESIT) are compatible with the accommodation
of two complete molecules (Neo; = Nyo = 2) within the elementary
cell, as confirmed by the calculated values of the average
molecular thickness hy,, (ratio between estimated molecular
526 and the lattice area, see Table S4, ESIf) ranging
around those of the stacking distance. These values, although
slightly smaller than £, particularly at low temperature, still vary
as the stacking distance, support the self-sorting of HBC and TP
stacks into a “multicolumnar” mesophase. The mean stacking
distance between n-conjugated cores, %,, was found to increase
slightly with temperature from ca. 3.77 A at 50 °C to 4.00 A at
250 °C, and is accompanied by the widening of the scattering
maxima, consistent with reduced correlation lengths (Table S4
and Fig. S11, ESIT). This temperature-dependent axial expansion
is attributed to the increasing disorder along the columns, due
likely to the fluctuations of the lateral triphenylene moieties
relative to the HBC core and the lattice plane (Fig. S14 and Table
S4, ESIT). Concurrently, upon cooling, as molecular motion and

volume

This journal is © The Royal Society of Chemistry 2025
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volume reduce, the stacking distance, %, decreases, and the
rotation of the lateral TP segments becomes restricted, effectively
locking the stacking, consistent with the solidification of the
aliphatic chains.

The reduced symmetry of the rectangular lattice implies that
the columnar cross-section is not uniform (i.e., not circular, but
also not elliptical), and is likely stemming from the shape-
persistent molecular architecture of HBC-3TP, i.e. the orthogonal
projection of the molecule on the lattice plane. An alternating
180° molecular stacking (i.e., AB-like stacking), which could
produce cylindrical columns on average, is highly improbable
due to the inherent incompatibility between the aliphatic chains
and aromatic TP units. Consequently, the columnar cross-
section likely retains intrinsic aspects of the unique three-fold
triskelion molecular shape.

Several plausible supramolecular organizations for the triske-
lion molecule within the lattice can be envisioned, depending on
the mutual arrangement of the molecules (three-fold columnar
cross-sections). Among the two molecules present in the rectan-
gular cell, one is positioned at the lattice corners and aligns along
either of the two lattice axes, a and b (Fig. 4(a)-(d), respectively).
The second molecule is located at the centre of the lattice and can
adopt either a parallel (Fig. 4(a) and (c)) or an antiparallel (Fig. 4(b)
and (d)) orientation relative to the corners’ molecules. The parallel
orientation (Fig. 4(a) and (c)) leads to the plane group cm,”” whilst
the antiparallel mode (Fig. 4(b) and (d)) generates the plane group
p2mg.”” The cm option is not consistent with the reflections’
indexation due to the presence of forbidden reflections (general
conditions: hk:h + k = 2n, h0:h = 2n, Ok:k = 2n), and thus the
parallel configurations can be excluded. Given this, the most likely
plane group is thus p2mg, although, at this stage, it is not possible
to distinguish between the two antiparallel configurations shown
in Fig. 4(b) and (d). Although, the distribution of the aliphatic
chains shown in Fig. 4(b) appears more uniform and equilibrated
compared to the configuration in Fig. 4(d), where there is a clear
alternation between regions of high and low chains density, the
more balanced distribution in Fig. 4(b) suggests that this arrange-
ment is the most likely and stable configuration. Thus, based on
this observation, the arrangement depicted in Fig. 4(b) is con-
sidered the most probable.

The reduction in mesophase symmetry is thus consistent
with the intrinsic C; symmetry of HBC-3TP, which governs the
arrangement of the columns and results in an inhomogeneous
electron density distribution within the lattice. This inhomo-
geneity is reflected in the atypical distribution of reflection
intensities, similar to what has been observed in some other
multicolumnar systems.'® This columnar Col...-p2mg phase
then consists of central HBC-like columns radially fused with
three TP-like columns, the concerted molecular orientations
being constrained by the voluminous aliphatic matrix sur-
rounding the columns (approximately 75-80% of the total
molecular volume, Table S4, ESIT).

Optical properties

The optical properties of HBC-3TP were also investigated in
solution and thin film (Fig. 5 and Fig. S18, Table S7, ESI{). The

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Schematic proposals for the supramolecular organization of HBC-
3TP in the Col,ec phase (Nmoi = 2). Various views of the possible rectan-
gular lattices with parallel ((a), (c): plane group cm) and antiparallel ((b),
(d): plane group p2mg) molecular orientations (blue arrows) along lattice
b-axis (a), (b) and a-axis (c), (d), respectively; the trifold blue shape
represents a schematic of the HBC-3TP molecule (molecular representa-
tion: HBC: illuminated centres, TP: dark circles); molten chains (not
represented) in white continuum (see also Fig. S13, ESIT).

absorption spectrum displays two main absorption maxima
appearing at ca. 282 and 370 nm, respectively. The peak near
280 nm can be attributed to the absorption of the TP moiety.
UV-Vis absorption spectra of solutions of TP6 in dichloro-
methane and THF, show a strong absorption maximum at
279 nm, corresponding to an SO — S4 transition,*® with a molar
absorption coefficient (&) around 1 x 10> dm® mol ™" cm™" (Table
S5, ESIt). Additionally, there is a shoulder at ca. 309 nm, which
corresponds to an SO — S3 transition. The signal at lower energy
(Aabs = 370 nm) is attributed to the HBC moiety, with the model
HBC compound absorbing at 352 nm. Previous reports on the
absorption spectra of dilute solutions of hexabenzocoronenes
indicate a highly structured pattern, which typically arises from

J. Mater. Chem. C, 2025, 13, 7678-7685 | 7681
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Fig. 5 Photophysical properties of HBC-3TP compared with optical
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triphenylene) and HBC (hexabenzolbc,ef,hi kl,no,qrlcoronene). UV-vis absorp-
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various electronic transitions and/or vibrational progressions
occurring in the system. The redshift of this signal is attributed
to the extension of the conjugation of the TP units with the
central HBC.

The photoluminescence spectrum of HBC-3TP exhibits a
single intense emission peak with a maximum at ca. 489 nm,
which closely coincides with the fluorescence of the model HBC
compound (Aem, = 480 nm). Quite remarkably for this hybrid n-
oligomer, only the emission from the HBC subunit is detected,
regardless of the excitation wavelength used, i.e., whether this
excitation is directed at the TP subunit (Zey, = 275 nm) or the
HBC part (dem = 375 nm). This can be due to an efficient energy
transfer from the TP to the HBC unit, or alternatively by the
absorption of the TP emission (at 375 nm) by the HBC subunit,
as there is significant overlap between the TP emission and
HBC absorption spectra. This unexpected interplay between
both TP and HBC units lends to an intriguing fluorescent
system, highlighting the photophysical potential of such hybrid
oligomers.

In thin film, the single luminescence maximum of HBC-3TP
is redshifted (Fig. S18, ESI{ Aem,max = 542 nm) by about 50 nm
compared to its solution emission. The observed emission shift
is also accompanied by a significant reduction of the lumines-
cence intensity and thus of the quantum yield (QY), which
drops from 23.66% in solution to just 2.51% in the thin film
(Table S7, ESIt). This shift in emission behaviour can be
attributed to the aggregation-caused quenching (ACQ) phenom-
enon which likely results from the formation of intermolecular
H-type aggregates in thin film. This is supported by S/WAXS
data and consistent with the proposed model of the Col..
mesophase.

The oxidation potential of HBC-3TP determined by cyclic
voltammetry (CV, Fig. S19, ESIt) gave a measured HOMO
energy level of —5.33 eV, which is quite close to the HOMO
calculated by DFT of —5.28 eV (Tables S6-S8, ESIt). As the
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reduction potential was not obtained directly, the optical energy
gap was used to estimate the LUMO energy level, resulting in a
value of approximately —2.45 eV. This value differs quite substan-
tially from the theoretically predicted LUMO value of —1.89 eV.
This discrepancy between experimental and computational
results may be due to solvation effects, computational approxima-
tions, or experimental limitations.

Charge carrier mobility

Carrier mobility plays an essential role in organic semiconductor
applications, directly affecting device performance. The space
charge limited current (SCLC) method was used to investigate
the carrier transport properties of HBC-3TP.>° To measure both
hole and electron mobilities, hole-only devices (ITO/PEDOT:PSS/
HBC-3TP (119 nm)/Au) and electron-only devices (ITO/ZnO/HBC-
3TP (113 nm)/PFN-Br/Ag) were fabricated. The sample films were
thermally annealed at 241 °C to optimize charge transport, and
gave hole and electron mobilities of 8.22 x 10> em?* V' S~ ' and
5.67 x 1072 em® V™' S77, respectively (Fig. 6 and Fig. S20, ESI¥).
The enhancement in carrier mobility can be attributed to
improved molecular ordering within the thin films: as HBC-
3TP possesses a room temperature Col,.. mesophase, the spin-
coated films were thermally annealed near the isotropic
temperature and then slowly cooled down to room temperature.
This process facilitated the formation of highly ordered home-
otropic columnar assembly regions, which significantly
improved charge carrier mobility.

HBC-3TP thus exhibits ambipolar charge transport beha-
viour. The electron mobility is significantly higher than the
hole mobility, with an electron-to-hole mobility ratio of approxi-
mately 70:1. S/WAXS analysis revealed that HBC-3TP self-
organizes into an ordered, highly segregated columnar struc-
ture consisting of a central HBC column surrounded by radially
arranged TP-based columns. The TP units, functionalized with
five peripheral alkoxy chains, are electron-rich and typically
facilitate hole transport. In contrast, the graphene-like HBC

108
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102 -+ T
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Fig. 6 [-V curves of HBC-3TP in SCLC devices: electron mobility (ue),
hole mobility (up).
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core, substituted with three TP moieties, is more favourable for
electron transport. The ambipolar behaviour of HBC-3TP is
consistent with previously reported results on HBC- and TP-
based discotic liquid crystals.'”2"3%3! This pronounced
electron-dominant transport behaviour highlights the influence
of molecular design and self-organization on carrier mobility.

Conclusions

Thus, as expected, this triskelion-shaped oligomeric compound,
composed of two of the most popular discotic components, is
mesomorphic and self-organizes into a rectangular columnar
phase of reduced symmetry, characterized by the p2mg planar
group. The supramolecular organization consists of central HBC-
like columns radially fused with three TP-like columns posi-
tioned at the corners and centre of the rectangular lattice, with
antiparallel molecular orientations along the lattice axes. The
photophysical properties reveal a wide absorption band that
encompasses the combined absorption features of both compo-
nents, while the emission is predominantly centred on the HBC
moiety. Furthermore, the compound demonstrates ambipolar
charge transport behaviour, with a pronounced electron-
dominant transport. The segregated HBC columns are playing
the role of electron transport channel while the TP columns as
the hole drift pass-way, as demonstrated by SCLC and CV
measurements and supported by DFT computational studies.
This type of molecular hybrid systems therefore offers new
insights into the design of attractive advanced functional mate-
rials with tailored properties for use in a variety of applications,
including liquid crystal devices and organic electronics.
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