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For organic semiconductors, the development of electron-deficient building blocks has lagged far behind
that of the electron-rich ones. Moreover, it remains a significant challenge to design organic molecules with
efficient charge transport and strong solid-state emission simultaneously. Herein, we describe a facile
synthetic route toward a new m-acceptor imide building block, namely 2,3-fluoranthene imide, based on
which four regioregular small molecules (F1-F4) are synthesized by tuning the imide orientations and
the central linkage bridges. All molecules exhibit attractive aggregation-induced emission (AIE)
characteristics with strong far-red emission in the powder state, and F3 shows the highest
photoluminescence quantum yield of 5.9%. F1 and F3 with a thiophene bridge present an obvious p-type
characteristic, while for F3 with an outward imide orientation, the maximum hole mobility from
a solution-processed field-effect transistor (FET) device reaches 0.026 cm? V! s7%, being ~10% times
higher than the value of F1 with an inward imide orientation. By using a fluorinated thiophene bridge, the

resulting F2 and F4 can be turned into n-type semiconductors, showing an electron mobility of ~1.43 x
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Accepted 10th December 2021 10™* and ~3.34 x 1072 cm? V"1 s7, respectively. Our work not only demonstrates that asymmetric 2,3-

fluoranthene imide is a promising building block for constructing organic materials with high carrier
DOI: 10.1035/d1sc06807e mobility and strong solid-state emission, but also highlights the importance of regioregular structures in

rsc.li/chemical-science the materials’ properties.

material accessibility, etc.">*' However, due to the strong -7
intermolecular interactions as a result of highly planar -
conjugated structures, they usually suffer from aggregation-
caused quenching (ACQ) in the solid state that limits their

Introduction

Organic semiconductors show great importance for next-
generation flexible and printed optoelectronic devices as well as

biomedicines.”™ Among them, donor-acceptor (D-A) type -
conjugated systems have received the most interest because
their optical and electronic properties can be conveniently and
precisely adjusted by changing the D and A units.>** However,
compared to the diverse D units, the development of A units is
severely restricted by the synthetic challenges of reduced reac-
tivity caused by the electron-withdrawing groups.**** Currently,
arene imides such as perylene diimide (PDI) and naphthalene
diimide (NDI) (Fig. 1a) are two of the most successful A units for
organic optoelectronics due to their straightforward synthesis,
deep lowest unoccupied molecular orbital (LUMO) level, facile
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further applications.”** Thus, it remains a challenge to design
organic semiconductors with both high carrier mobility and
strong solid-state emission, which thus warrants the explora-
tion of new elementary building blocks.>**

Fluoranthene is one typical polycyclic aromatic hydrocarbon,
which possesses a rigid, planarized structure that is beneficial
for intramolecular charge transport via - stacking. Moreover,

Fig.1 Structures of (a) perylene diimide (PDI) and naphthalene diimide
(NDI) and (b) fluoranthene and fluoranthene-fused imide derivatives.
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it can be regarded as a basic unit of fullerene, exhibiting elec-
tron-deficient characteristics due to the central five-membered
ring.**>* In this regard, the electron-deficient fluoranthene
should be a suitable building block for imide-based semi-
conductors. Indeed, fluoranthene-fused imides have been
successfully developed as non-fullerene acceptors for organic
solar cells, the power conversion efficiency (PCE) of which can
reach up to 3.12%.%>** Nonetheless, the structural diversity and
synthetic strategy of fluoranthene imides are still limited
(Scheme S17). At present, the imidization sites of fluoranthene
are mainly restricted to the 3, 4-sites or 8, 9-sites (Fig. 1b), as
limited by the synthetic challenges of functionalization at other
sites.*®***> Besides, the applicability of fluoranthene derivatives
including fluoranthene imides in organic field-effect transistors
(OFETs) has rarely been explored so far.****

Recently, our group developed a facile synthetic route to
functionalize fluoranthene at the 2,3-sites for the first time, that
is, using dibenzofulvene as the diene to undergo a typical Diels—
Alder reaction, rather than using acenaphthenequinone in most
cases.* The resulting 2,3-dicyanofluoranthene unit was shown
as an efficient electron-deficient core to construct D-A type
dopant-free hole transporting materials for perovskite solar
cells.*>* Therefore, it would be interesting to know whether this
is also a feasible synthetic method to develop new fluoranthene
imide building blocks. Herein, we successfully synthesize 2,3-
fluoranthene imide through a simple one-pot reaction (Fig. 1).
We find that the 4-site of 2,3-fluoranthene imide exhibits an
enhanced reactivity compared to the 9-site, thus allowing us to
synthesize two types of regioregular small molecules with
different imide orientations (F1-F4, Fig. 2a). By regulating the
imide orientation and the central linkage bridge, we show that
the molecular configuration and packing of the derived
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Fig. 2 (a) Synthetic routes for regioregular F1-F4; (b) comparison of
'H NMR signals between intermediates 4 and 7; (c) *H-*H NOESY
spectra of 7.
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molecules can be accordingly adjusted to not only realize high
hole mobility and attractive aggregation-induced emission (AIE)
properties in one molecule, but also enable the conversion from
p-type to n-type charge transport characteristics.

Results and discussion

Fig. 2a illustrates the synthetic routes for F1-F4. First, 2,7-
dibromofluorenone (1) reacted with methyllithium to afford
compound 2, which then underwent an optimized one-pot
reaction to obtain a new 2,3-fluoranthene imide (4) with two
bromide atoms substituted at the 4- and 9-sites. As shown, this
one-pot reaction involves three consecutive steps; compound 2
first underwent dehydration with a small amount of p-tolue-
nesulfonic acid (TsOH) as the catalyst (i), and then the resulting
dibenzofulvene product carried out a Diels-Alder reaction with
maleimide 3 at 160 °C (ii), followed by dehydrogenation (iii). We
further found that the bromine substitutions at the 4- and 9-
sites possess different reactivity for the Stille coupling reaction,
and the 4-site shows a higher reactivity. By controlling the
reaction temperature and the feeding ratio between compounds
4 and 5, we successfully obtained a new regioregular interme-
diate (7) with an inward imide orientation. The comparison of
the *H NMR spectra of 4 and 7 shows that the proton H in 7 has
a visible shift to the high field, indicating that the reaction
occurs at the 4-site (Fig. 2b). We also performed the "H-'H
NOESY measurements of 7 (Fig. 2c), and the correlation
between HE and H' reveals that H' is the proton adjacent to the
thiophene group, further confirming the structure. Using the
same method, the intermediate 8 was synthesized with two
fluorine atoms on the thiophene bridge. Finally, F1 and F2 were
obtained via another Stille coupling reaction with compound 9.
Similarly, F3 and F4 with an outward imide orientation were
yielded via two consecutive coupling reactions; however, the
reaction conditions such as temperature need to be carefully
optimized. The structure of the critical intermediate 10 was also
confirmed by "H NMR and "H-"H NOESY spectra as shown in
Fig. $1-S2.%

Thermogravimetric analysis was used to study the thermal
properties of F1-F4, and all exhibit high thermal stability with
a 5% weight loss temperature over 410 °C (Fig. S31). Differential
scanning calorimetry (DSC) (Fig. S41) shows that F3 exhibits the
most intense melting/crystallization peaks at 275.4/238.0 °C,
whereas F1 exhibits the weakest melting/crystallization peaks at
210.5/123.0 °C, indicating a higher crystallinity of F3 powder
(Fig. S51). Besides, for F2 and F4, the melting/crystallization
peaks were shifted to 273.7/244.6 °C and 279.2/247.3 °C,
respectively, mainly due to their structural difference induced
by the imide direction and fluorination effect.

The absorption spectra of F1-F4 in dichloromethane (DCM)
solutions and as thin films are shown in Fig. 3a and S6,f
respectively, with relevant data listed in Table 1. The absorption
profiles of F1 and F2 have a triple-band shape while F3 and F4
have a typical dual-band shape, indicating that the imide
orientation has a clear impact on the molecular conjugation.
The low-energy absorption band is ascribed to the intra-
molecular charge transfer (ICT) between the thiophene unit and
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Fig. 3 (a) UV-vis spectra (solid) and normalized emission spectra
(dash) and (b) cyclic voltammograms of F1-F4 in DCM solutions;
emission spectra of F3 in THF/water mixtures (c) and DCM/hexane
mixtures (e); plots of (I/lo) vs. f,, in THF/water mixtures (d) and DCM/
hexane mixtures (f). Inset: images of F3 in solution mixtures under 365
nm ultraviolet light.

the imide group, and fluorination leads to a blue-shifted ICT
band, ~10 nm. Furthermore, all molecules exhibit a red-shifted
ICT absorption band in the solid state, ~30 nm, compared to
the solution ones, possibly attributed to the planarization of the
conjugated backbone as a result of aggregation. To gain insight
into the redox behaviours, cyclic voltammetry (CV) measure-
ments were conducted (Fig. 3b). As listed in Table 1, F1 and F2
with an inward imide orientation both exhibit slightly deepened
HOMO/LUMO levels compared to those with an outward imide
orientation, while fluorination can further slightly decrease the
HOMO/LUMO levels due to their enhanced electronegativity.
We further studied their photoluminescence (PL) properties
in different organic solvents (Fig. 3a and S77), with relevant data
listed in Table 2. Interestingly, all the PL spectra show an
obvious solvatochromic effect; that is, the emission spectra are
red-shifted and broadened upon increasing the solvent polarity,
accompanied by a significantly decreased PL intensity. This
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Table 2 PL data of F1-F4 in the solution and powder states

Aem (nm)

Hexane Toluene THF DCM Powder ®p® &p? &p°
F1 610 634 643 645 650 2.7% 5.0% 3.8%
F2 577 594 605 613 642 3.0% 7.0% 3.9%
F3 598 615 629 641 640 0.3% 4.3% 5.9%
F4 590 608 613 620 653 2.1% 3.8% 3.8%
¢ Absolute photoluminescence quantum yields tested in DCM

solutions. ? In DCM/hexane mixtures, and the hexane fraction for F1-
F4 is 95%, 70%, 95% and 90%, respectively. ¢ In solid powders.

phenomenon can be attributed to the well-known twisted
intramolecular charge transfer (TICT) effect, for which the
intramolecular rotation can bring the molecule from the locally
excited (LE) state to the TICT state in polar solvents, leading to
a pronounced charge separation between the D and A units to
quench the fluorescence.*”~>°

Encouragingly, the formation of aggregates for F1-F4 can
effectively suppress the negative TICT effect (Fig. 3c-d, S8-
S107). As an example, Fig. 3c-d show the change of the PL
intensity of F3 as a function of water fraction (f,,). When the f,,
increases from 0 to 10%, the PL intensity of F3 is decreased by
50%, accompanied by a red shift, indicating the occurring of
a “dark” TICT state. However, when increasing the f,, to 40%, an
obvious AIE phenomenon is observed, realizing a ~9-fold
intensity enhancement at f,, = 60%. This could be due to the
restriction of intramolecular rotation between the D and A units
due to the formation of aggregates.**** Note that adding more
water further causes a decrease in emission due to sedimenta-
tion (Fig. S11t). The emission properties of F1-F4 in DCM/
hexane mixtures were also investigated (Fig. 3e-f, S12-S147),
and upon increasing the apolar hexane fraction, their emission
all was increased obviously with a gradual blue-shift, attributed
to the synergetic effects from AIE and mitigated TICT. The AIE
effect can be further confirmed by dynamic light scattering
results (Fig. S151) as well as enhanced absolute photo-
luminescence quantum yields (@p;s) in DCM/hexane mixtures
(Table 2). The above results are indeed encouraging, because (i)
most of the imide-based arenes such as PDI and NDI usually
suffer from a serious ACQ effect due to their rigid and highly
planar structure; (ii) the AIE properties for F1-F4 are achieved
without needing the decoration of any AlE-active building
blocks or large steric spacers that usually break the original -
conjugated structure.*»*>%”

Table 1 Physicochemical and thermal properties and energy levels of F1-F4

Asol () g1 (nm) E (eV) HOMO? (eV) LUMO?” (eV) Te (°C) T (°C)
F1 341, 411, 503 344, 530 2.07 —5.51 —3.46 429.6 210.5
F2 337, 420, 493 307, 454, 522 2.12 —5.56 -3.50 417.7 273.7
F3 367, 505 376, 532 2.11 —5.34 —3.44 438.9 275.4
F4 358, 492 369, 519 2.16 —5.50 —3.44 416.2 279.2

¢ Optical energy gaps calculated according to the equation E; = 1240/Aopgec €V. b Estimated values using the equations Epymo/Enomo = —(4.80 + Ered/

Eoy) eV. © The 5% weight loss temperature. ¢ Melting point.
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In the solid state, F1-F4 all show bright red emission
(Fig. S161) with @pys (Table 2) estimated to be 3.8, 3.9, 5.9 and
3.8%, respectively. It is worth noting that both F2 and F4 exhibit
an obvious red-shifted solid-state emission compared to those
in solutions, while no clear change is observed for F1 and F3
(Fig. S171 and Table 2), ascribed to the amorphous state of
former powders with tight intermolecular interactions
confirmed by powder XRD patterns (Fig. S57).

Theoretical computations were also performed by employing
the density functional theory (DFT) method at the B3LYP/6-31G
level to understand the effect of the regioregular structure, and
the results are shown in Fig. S18.1 All molecules show a twisted
structure between the thiophene bridge and two fluoranthene
imide units. In particular, F1 and F2 exhibit much larger dihedral
angles than F3 and F4, which can be rationalized by the steric
hindrance between the two inward imide units of the former.
Possibly due to the larger steric hindrance, the two fluoranthene
imides in F1 are located on the upper and lower sides of the
thiophene unit, while they are located on the same sides for the
others. In addition, fluorinated F2 and F4 both show reduced
dihedral angles compared to the corresponding nonfluorinated
analog, suggesting enhanced backbone planarity achieved by the
non-covalent interactions due to the fluorine substitutions. F1-F4
also show similar energy level distributions, in which the HOMOs
delocalize over the entire conjugated backbone, while the LUMOs
mainly localize on the two fluoranthene imide units. Notably, the
trend of calculated HOMO/LUMO levels is almost consistent with
that obtained by CV measurements.

We further employed grazing-incidence wide angle X-ray
scattering (GIWAXS) and atomic force microscope (AFM)
measurements to investigate the impact of geometric differences
on the crystalline properties and the film morphology. The films
were prepared by spin-coating on a SiO, dielectric layer and
annealing at 180 °C. As shown in Fig. 4a-d, all films show a weak
(010) m-7v stacking peak along the in-plane direction, being
beneficial to charge transport. Both F1 and F3 films further show
a strong (001) diffraction peak at ~0.35 A along the out-of-plane
direction, assigned to a highly ordered lamella packing. In
addition, the F1 film possesses large crystalline domains with
obvious grain boundaries and a large root mean square rough-
ness (RMS) value of 4.7 nm, while F3 molecules assemble into

(@), F1 (b), F3 (©, F2 (d), F4

-~ —al
(A

D lnocus ol 3
oo

conum

Fig. 4 GIWAXS 2D patterns, 1D scattering profiles, and AFM images of
films of (a) F1, (b) F3, (c) F2, and (d) F4. Note that all films are annealed at
180 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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uniform and compact nanosheets with a small RMS value of 1.7
nm. In principle, the discontinuous grain boundaries observed
in F1 are not favorable for charge transport while the inter-
connected nanosheets for F3 are conducive for efficient charge
transport.”®* As a result, the regioregular configuration exerted
by the imide orientation leads to a discrepancy in the molecular
packing behavior and film morphology. On the other hand, both
F2 and F4 films show a ring-like scattering feature with a rela-
tively weak and broadened peak at 0.35 A along the out-of-plane
direction, suggesting a partially ordered lamellar packing but
with anisotropy. Moreover, as shown in Fig. 4c-d, they also
exhibit a fiber-like feature with large RMS values of 13.7 and 14.3
nm, respectively. Hence, there is a compromise existing between
fluorination and regioisomerism for the molecule's crystallinity
and aggregation in our case.

We finally examined the charge transport properties of F1-F4
by fabricating bottom-gate/top-contact (BG/TC) OFETs. The
details of device fabrication and characterization are described
in the Experimental section in the ESI. Fig. 5 shows the opti-
mized transfer curves of OFET devices based on the films of F1-
F4 annealed at 180 or 200 °C and the detailed performance is
summarized in Table 3. The transfer curves based on these
films annealed at other temperatures (180 or 250 °C) are pre-
sented in Fig. S19.1 As seen, all devices show distinguishable
FET characteristics, except for F1 (Fig. 5a). This can be attrib-
uted to its twisted molecular structure and unfavorable film
morphology as discussed earlier. In contrast, F3, the
regioisomer of F1, delivers a conspicuous p-type characteristic
(Fig. 5b) and its corresponding output curves are presented in
Fig. S20.7 The maximum hole mobility (u;,) value of a FET device
based on the F3 film reaches 0.026 cm®> V™' s7*, being ~10"
times greater than the value of F1. Note that there are very few
reports on fluoranthene-based FETs (Table S17), and the high
un value of F3 is comparable to that of most solution-processed
small molecule semiconductors.®®** The critical effect of
regioregular structures on the charge transport properties
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Fig. 5 P-type transfer curves of FET devices based on (a) the F1 film
annealed at 180 °C and (b) the F3 film annealed at 200 °C. N-type
transfer curves of FET devices based on (c) the F2 film and (d) the F4
film annealed at 200 °C.
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Table 3 Performance of the studied FET devices under different fabrication conditions
Tanneal (OC) 1 (sz V71 Sil) VT (V) Ion/Ioff

p-type character Un

F1 180 3.03 x 10°° —46.41 5.8 x 10"
F3 180 1.88 x 10 —30.88 8.3 x 10°
F3 200 2.41 x 1072 (2.63 x 107 %)* —38.96 1.8 x 10®
F3 250 2.21 x 1072 —50.87 1.7 x 108
n-type character He

F2 180 2.20 x 107° 46.06 1.9 x 10*
F2 200 5.81 x 107" (1.43 x 10~ 41.36 2.8 x 10°
F2 250 1.35 x 10°° 58.67 5.7 x 10°
F4 180 6.91 x 10°° 54.84 9.0 x 10*
F4 200 2.22 x 107> (3.34 x 107°)* 39.00 5.5 x 10°
F4 250 1.04 x 10°° 42.46 1.2 x 10°

¢ Maximum values in brackets.

closely correlates with their distinct molecular packing patterns
and film morphology.**-*® Here, the outward imide units in F3
are more favorable for intermolecular packing than the inward
ones in F1, thereby enabling a much higher uy, value.

On the other hand, as presented in Fig. 5¢-d, both F2 and F4
comprising a fluorinated thiophene bridge present n-type char-
acteristics, and their maximum electron mobility (u.) values are
~1.43 x 107* and ~3.34 x 107° cm® V! s, respectively.
Clearly, the fluorination of the bridge thiophene unit changes the
polarity of the compounds from p-type to n-type as a result of
enhanced electronegativity. We notice that the low u. values
might be attributed to their inferior crystal orientation. In
addition, the LUMO level below —3.6 €V has been considered as
the window of trap-free electron transport for n-type semi-
conductors.”” Thus, the relatively higher LUMO levels of both F2
(—3.50 eV) and F4 (—3.44 eV) could also be responsible for their
poor electron transport. Nonetheless, this is the first demon-
stration of n-type FET devices based on fluoranthene molecules
(Table S1t), manifesting the potential of asymmetric 2,3-fluo-
ranthene imide units for new n-type semiconductors. Further
device optimization like using Ag electrodes with a more
compatible work function to F2 and F4 is in progress.

In addition, as presented in Table 3, the annealing temper-
ature of the active layer has a germane correlation with the
resultant performance. Due to the high melting points, F2-F4
films deliver the most optimized FET performance at high
annealing temperature (200 °C) as a result of the facilitated
molecular packing. Taking F3 as an example, the FET device
based on the as-cast F3 film shows no distinguishable FET
characteristic (Fig. S211). However, owing to the low melting
point, the optimized annealing temperature of the F1 film is
restricted to 180 °C, and annealing the F1 film at 200 °C results
in severe film degradation.

Conclusions

In conclusion, starting from the simple fluorenone, a new type of
m-acceptor building block, namely 2,3-fluoranthene imide, is

1000 | Chem. Sci, 2022, 13, 996-1002

synthesized through a facile one-pot synthetic route. Unlike the
fluoranthene imide derivatives reported to date, this new asym-
metric building block shows a significant reactivity difference at
the 4- and 9-substitution sites, thereby allowing us to successfully
synthesize two types of regioisomers (F1-F4) with outward and
inward imide orientations. We unveil that the distinct molecular
geometry for these regioisomers results in different molecular
crystallinity in the solid state. Due to the twisted configuration, all
molecules exhibit an obvious twisted TICT decay pathway, leading
to red-shifted and reduced emission in polar solvents. However,
the negative TICT effect can be effectively suppressed by the
attractive AIE process, and F3 shows the brightest red emission at
640 nm in the powder state with the highest @pp, of 5.9%. The
charge transporting abilities of these molecules were systemati-
cally studied by fabricating solution-processed FETs. Impressively,
F3 delivers a conspicuous p-type character with a maximum uy,
value of 0.026 cm®> V" s, being ~10" times greater than the value
of F1, owing to its superior crystallinity and film morphology.
Moreover, the fluorination on the central thiophene bridge effec-
tively converts the polarity of the molecules from p-type to n-type,
resulting in w. values of ~1.43 x 10~ * and ~3.34 x 10> cm* V"
s~ for F2 and F4, respectively. Our results clearly suggest that 2,3-
fluoranthene imide is a promising building block for high-
performance organic semiconductors with AIE properties.

Data availability

Data associated with this article, including synthetic details,
materials characterization and transistor fabrication details are
available in the ESL.}
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