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Introduction

p-Gels1 are the result of the spontaneous aggregation of p-
conjugated systems into coiled brils. Notably, p-gels offer
a combination of properties not found in other organic mate-
rials. For example, the spontaneous and reversible organization
of p-gels can be used to prepare self-assembled materials for
optoelectronic applications.1a,2 In addition,p-gels can be healed
by taking advantage of the reversibility of the sol–gel transition.
Also, given their uidity and their so nature, p-gels can be
processed by liquid deposition methods and can be used to
fabricate exible devices.

Polycyclic aromatic hydrocarbons have attracted a lot of
attention as gelators1d–f,2p since their extended p-surface favours
p-stacking, which in turn, enables the formation of optimal
channels for electronic and excitonic transport. The use of
molecular nanographenes as gelators can potentially increase
the performance of p-gels because of their larger p-surfaces.
Even if there has been an increasing effort in the synthesis of
giant nanographenes with >150 atoms in their aromatic core,3

current state-of-the-art nanographene gelators are constituted
of C24 (ref. 4) and C68 (ref. 5) cores. This illustrates that incor-
poration of nanographenes in p-gels is a challenging task,
mostly because of the large dimensions and monodisperse
nature of nanographenes that favour the typical precipitation/
crystallization of the gelator from the gel phase.1d,e Another
aspect to consider is the planarity of the nanographene core.
Although most nanographene gelators are planar,4 it has been
Fig. 1 Chemical structures ofNR-13,NR-33 andNR-53. The chemical
formula corresponds only to the aromatic core atoms highlighted in
grey.
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Fig. 2 Different front and side views of a NR-53 model3n without solubilizing groups illustrating its twisted structure.

Fig. 3 SEM images of the xerogels, in 1-octanol, of (a)NR-13 (3%w/w),
(b) NR-33 (1.3% w/w), and (c) NR-53 (1.3% w/w). TEM images of the
aggregates in 1-octanol of (d) NR-13 (0.07% w/w), (e) NR-33 (0.1% w/
w), and (f) NR-53 (0.1% w/w).
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recently shown that negatively curved nanographenes can also
behave as an efficient gelators.5

In 2021, some of us reported the synthesis of a family of giant
molecular nanoribbons (NRs) with C64N8S2, C180N16S2 and
C296N24S2 cores (respectively, NR-13, NR-33 and NR-53, Fig. 1),3n

constituted by pyrene, coronenebisimide, pyrazinoquinoxaline
and quinoxalinothiadiazol units. These NRs combine a selec-
tion of solubilizing groups with a twisted aromatic framework
that endows them with a high solubility. The NR backbone is
twisted 34� at each coronene–pyrene junction as the result of
steric congestion between the hydrogens at such cove regions
(Fig. 2).

Herein, we show that despite their large dimensions and
their twisted structure NR-13, NR-33 and NR-53 are efficient
gelators that are able to self-assemble in 1-octanol at concen-
trations <3% to produce gels with morphologies that vary with
the length of the NR. In addition, the NR p-gels show a red
uorescence and also pseudoconductivity values in the same
range as current state-of-the-art p-gels.

Results and discussion
Gelation studies

The gelation and aggregation abilities of NR-13, NR-33 and NR-
53 were studied in 1-butanol, 1-octanol and nitrobenzene. The
criterion for the gel formation was the vial inverting method at
room temperature by checking whether the sample ows. We
found that the three NRs were suitable organogelators in 1-
octanol, whereas in nitrobenzene only NR-13 and NR-33 were
able to form gels. The three NRs produced opaque purple gels in
1-octanol upon cooling to room temperature in air. The gels
exhibit reversible sol to gel phase transitions and are stable at
room temperature for months. The minimum gelation
concentration in 1-octanol for NR-13 is 3.0% (w/w), while for
NR-33 and NR-53 is 1.3% (w/w). Below these concentrations, the
NRs form aggregates that cannot retain the solvent.

Microscopy

Microscopy investigations reveal that the morphology of the
gels depends directly on the length of the NR. The morphology
of the dried gels (xerogels) was examined by scanning electron
microscopy (SEM). The SEM images acquired from the xerogels
of NR-13 (Fig. 3a and S1†) clearly showed rigid long brils,
which exhibit lengths up to tens of mm and in some cases even
longer. These brils show widths ranging from 0.40 to 2.5 mm,
but they also vary in height (Fig. S1b†). The aggregates of NR-13
10774 | Chem. Sci., 2022, 13, 10773–10778
in 1-octanol at lower concentration (0.07% w/w), in which the
gelation does not take place, were studied by transmission
electron microscopy (TEM), showing shorter brils but in the
same range of width (Fig. 3d). For NR-33, the SEM images of the
xerogels showed shorter and thinner brils (Fig. 3b and S2†)
than the ones ofNR-13. TheseNR-33 brils are homogeneous in
width (200–250 nm) and show lengths of several mm. The same
trend was observed by TEM (0.1% w/w), with thin brils which
possess a length of 1–2 mm and widths of hundreds of nano-
meters (Fig. 3e). In contrast to the xerogels of NR-13 and NR-33,
the SEM images show that the xerogel of NR-53 is constituted by
homogeneous spherical particles of 25–29 nm of diameter
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 X-Ray powder diffraction pattern from the xerogels obtained
from the 1-octanol gels of (a)NR-13 (3.0% w/w); (b) NR-33 (1.3% w/w);
and (c) NR-53 (1.3% w/w).

Fig. 5 Rheological characterization. Frequency sweep test at T ¼
20 �C of NR-13 (3% w/w), NR-33 (1.3% w/w), and NR-53 (1.3% w/w).
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(Fig. 3c and S3†) that aggregate forming brils of several mm. In
the case of NR-53 (0.1% w/w in 1-octanol), the TEM images
revealed a different morphology than the corresponding xero-
gel. In fact, thin exible brils (Fig. 3f) with widths up to 180 nm
and lengths of several mm were observed.

X-ray diffraction

The crystallinity of the xerogels of NR-13, NR-33 and NR-53 was
conrmed by powder X-ray diffraction (PXRD), which showed
several intense diffraction peaks with a similar pattern (Fig. 4).
The xerogel of NR-13 exhibits a pattern of sharp signals, indi-
cating a high degree of crystallinity (Fig. 4a), which differs from
the single crystal structure reported.3n The xerogels of the longer
NR-33 and NR-53, show a similar pattern of broader peaks
(Fig. 4b and c). In the case of NR-33 and NR-53 the d-spacings are
consistent a lamellar packing. Indexing in both cases corre-
sponds to those shown in Fig. 4 or to multiples of these. The
broadening can be ascribed to the fact that the original gels of the
larger nanoribbons weremore viscous and retainedmore solvent.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Rheology

Rheological experiments were carried out in order to conrm the
gel nature of the samples (Fig. 5). Small Amplitude Oscillatory
Shear (SAOS) experiments at 20 �C showed G0 > G00 values that are
frequency-independent, which correspond to a percolated
network structure. To investigate the thixotropic behaviour, we
subjected the samples to shear rate ramps (increase-steady-
decrease). The samples showed a marked pseudoplastic behav-
iour, but aer shearing, the samples do not recover their initial
gel-like structure as the viscosity remains constant and low upon
shearing as illustrated for NR-53 (Fig. S4†). This effect, that can
be ascribed to the orientation of the nanoribbons in the ow
direction, was further investigated by large amplitude oscillatory
shear (LAOS) experiments. The results (Fig. S5 and S6†) indicate
that the supramolecular assembly loses its elastic property at
high strain values, as G00 > G0 was observed, indicating the
rupture of the gel network. Similarly, continuous step–strain
cycles at low (0.5%) and high (100%) strain showed that, once the
strain is released, a weak structural rearrangement occurs, as the
elastic property is restored again (G0 > G00), although the moduli
were not fully recovered and the sol–gel process was only partially
reversed.

The rheological behaviour correlates with the different
morphologies of the gels. The thin, exible brils of the NR-53
gel lead to the formation of a denser and more entangled
nanobrous structure with higher moduli than the stiffer bers
of NR-33 and NR-13 gels, which, as expected, result in a network
with poorer connectivity. Therefore, the exibility of the bers
increases the junction number density, improving the macro-
scopic viscoelastic response. This is consistent with previous
observations on pyrene-based supramolecular gels, where the
nanoscale exibility of supramolecular packing was suggested
to strongly inuence the mechanical strength of the gel.6
Sol–gel transition

The sol–gel transitions (Tsol–gel) of the different gels were esti-
mated by monitoring visually the changes in the uidity of the
samples with the temperature. The measurements illustrate
how the Tsol–gel of the different gels increase with the increasing
length of the NR (48, 61 and 77 �C, respectively for NR-13, NR-33
Chem. Sci., 2022, 13, 10773–10778 | 10775
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and NR-53). Even if there is a clear correlation between NR
length and Tsol–gel, a linear correlation cannot be established
because of the different minimum gelation concentration of the
gel of NR-13.
Fig. 7 Conductivity transients of the xerogels of NR-13, NR-33 and
NR-53 upon excitation at 355 nm, 9.1 � 1015 photons per cm2 per
pulse.
Optoelectronic properties

Since the gels are opaque, the absorption spectra could not be
recorded either in the gel or xerogel state (Fig. 6d–f). Neverthe-
less, the gels show a red uorescent emission in all cases upon
exposure to UV light. Therefore, the emission spectra of a diluted
1-octanol solution, the sol state, and the xerogel state were
recorded and compared (Fig. 6a–c). In 1-octanol solutions, the
emission spectra evidence a vibronically-resolved uorescence
bandwithmaxima at 618, 618 and 620 nm respectively forNR-13,
NR-33 and NR-53, similar to the uorescence spectra reported in
chloroform.3n In the sol state (Fig. S7†), the above-mentioned
uorescence emission coexists with a much more intense and
red shied emission band with maxima at 693, 687 and 675 nm,
Fig. 6 Fluorescence spectra of a diluted solution in 1-octanol, sol
state and xerogel of (a) NR-13; (b) NR-33; and (c) NR-53. Gelation test
in 1-octanol, under room light (left) and UV light (right), of: (d) NR-13
(3% w/w); (e) NR-33 (1.3% w/w); and (f) NR-53 (1.3% w/w).

10776 | Chem. Sci., 2022, 13, 10773–10778
respectively for NR-13, NR-33 and NR-53, which indicate p-
stacking in agreement with previous observations on other
nanographene gels with extended cores.4,5 In the xerogels, also
a red shied featureless band with a similar broadness but with
different maxima at 703, 721 and 679 nm, respectively for NR-13,
NR-33 and NR-53, can be observed, being also consistent with p-
stacking.4,5 Excitation spectra of the xerogels were recorded upon
excitation at the uorescence maxima, showing the same trends
observed in the uorescence measurements (Fig. S8†).
Photoconductivity

The charge transport properties of the NR xerogels were
assessed by ash-photolysis time-resolved microwave conduc-
tivity (FP-TRMC).7 FP-TRMC measures the pseudoconductivity
(4Sm, where 4 is the product of the quantum yield, and Sm is the
sum of the charge carrier mobilities) directly from powder
samples under an oscillating microwave electric eld without
the need of metal contacts. The 4Sm value is directly related to
the minimum or inherent charge carrier mobility of the mate-
rial. The measurements on the xerogels (Fig. 7) show very
similar 4Sm maxima (4Smmax) for NR-13 (0.25 � 10�4 cm2 V�1

s�1), NR-33 (0.14 � 10�4 cm2 V�1 s�1) and NR-53 (0.14 � 10�4

cm2 V�1 s�1). This 4Smmax values are in the same range as those
of fullerenes,8 giant molecular nanoribbons,3e nanographenes,3i

and undoped p-gels.2e,h,p The half lifetimes (s1/2) extend beyond
the ms in all cases. A likely rationale would be the formation of
stable charge separated states that delay charge recombination,
in agreement with previous electrochemical and theoretical
studies3n that illustrate the generation of reversible radical-
anions and the localization of two quasidegenerate LUMOs on
each of the pyrazinobenzothiadiazole ends of the NRs.
Conclusions

To conclude we have shown that despite their twisted structure
and their dimensions, giant molecular NRs can act as optimal
gelators that produce ordered p-gels with morphologies that
vary with the length of the NRs. Fluorescence spectroscopy
evidences the existence of p–p stacking in the gels and also
© 2022 The Author(s). Published by the Royal Society of Chemistry
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their red emitting properties. FP-TRMC shows that the NR gels
display 4Sm values in the same range as state-of-the-art giant
nanographenes3e,i and p-gels.2e,h,p Overall, this work opens up
new possibilities for the organization of molecular nanoribbons
into functional materials and their implementation into
organic optoelectronic devices by low-cost and large-area liquid
deposition methods.
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