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Abstract: Acepleiadylene (APD), a nonbenzenoid isomer of pyrene, exhibits a unique charge-separated character with
a large molecular dipole and a small optical gap. However, APD has never been explored in optoelectronic materials
to take advantage of these unique properties. Here, we employ APD as a building block in organic semiconducting
materials for the first time, and unravel the superiority of nonbenzenoid APD in electronic applications. We have
synthesized an APD derivative (APD-IID) with APD as the terminal donor moieties and isoindigo (lID) as the acceptor
core. Theoretical and experimental investigations reveal that APD-IID has an obvious charge-separated structure and
enhanced intermolecular interactions as compared with its pyrene-based isomers. As a result, APD-IID displays
significantly higher hole mobilities than that of the pyrene-based counterparts. These results imply the advantages of
employing APD in semiconducting materials and great potential of nonbenzenoid polycyclic arenes for optoelectronic
applications.

Nonbenzenoid polycyclic aromatic hydrocarbons (PAHs), which contain nonhexagonal rings, have attracted
broad interest owing to their appealing topological structures, unique properties, and applications in electronic
devices.[" In recent years, a number of novel nonbenzenoid PAHs have been synthesized either in solution!? or
on metal surfaces.®! The remarkable synthetic achievements have enabled extensive investigations of the
properties of these novel compounds, such as (anti)aromaticity, open-shell characters,?9% and chiroptical
responses.?>24¢l Furthermore, as exemplified by azulene derivatives,! the optoelectronic applications of
nonbenzenoid PAHs have also been demonstrated, e.g. in organic field-effect transistors (OFETs),® organic
photovoltaics,®4® and organic thermoelectrics.'” However, the semiconducting properties of other
nonbenzenoid PAHs beyond azulene have been rarely exploited. Besides, the advantages of nonbenzenoid
PAHSs over their benzenoid counterparts in optoelectronic materials have not been clearly revealed.

Acepleiadylene (APD), which is a classical nonbenzenoid PAH, features a larger molecular dipole, a smaller
optical gap, and a charge-separated structure as compared with its benzenoid isomer pyrene.l'!l These
characters can introduce novel properties to APD-based materials. For example, the large molecular dipoles
and the charge-separated structure would be conducive to strong intermolecular interactions and electronic
coupling, which can lead to efficient charge transport.[¢'2 As the benzenoid isomer of APD, pyrene has been
widely applied as a building block in optoelectronic materials,['3 whereas APD has never been exploited in this
regard. Therefore, it is still unclear yet whether APD exhibits any superiority over pyrene in optoelectronic
materials.

Herein, we employ APD as a building block in semiconducting materials for the first time. A donor-acceptor-
donor (D-A-D) type molecule (APD-IID) is designed and synthesized, in which APD serves as the terminal donor
moieties and isoindigo (IID) as the acceptor core (Figure 1a). Two pyrene-based isomers 1Py-1ID and 2Py-IID,
in which pyrenes are connected with 11D at the 1- and 2-positions respectively, are synthesized for comparison.
Owing to the separated charge distribution and the larger molecular dipole of APD, APD-IID exhibits more
obvious charge-separated structure and stronger intermolecular interactions.'¥! As a result, APD-IID shows one
to two orders of magnitude higher hole mobility than that of 1Py-1ID and 2Py-1ID, opening up a new avenue to

the future development of semiconducting materials based on nonbenzenoid PAHSs.
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The synthesis of APD-IID is illustrated in Figure 1b. In the presence of N-bromosuccinimide at room
temperature, mono-brominated APD 1 was obtained in 84% yield, and was subsequently transformed to boronic
ester 2 in 74% yield. A Suzuki coupling of 2 with brominated 11D (3) afforded APD-IID in 60% yield. Thus, APD-
IID was facilely synthesized in three steps with an overall yield of 37%. Meanwhile, its pyrene-based isomers,
1Py-1ID and 2Py-IID, were also synthesized according to the literature!" (see the Supporting Information). All
these compounds were characterized by 'H and '*C NMR spectroscopies and high-resolution mass
spectrometry (HRMS).
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Figure 1. (a) The resonance structures of APD, pyrene and APD-IID as well as the structures of 1Py-IID and 2Py-IID. (b) Synthetic
route to APD-IID.

To evaluate the molecular configurations and electronic structures of APD-IID, 1Py-I1ID, and 2Py-IID, density
functional theory (DFT) calculations were carried out at the B3LYP/6-311G(d,p) level. As illustrated in Figure 2,
the optimized geometries show that the torsion angle between the donor and acceptor moieties in APD-IID
(34.9°) is smaller than that in 1Py-IID (56.7°) and 2Py-IID (38.3°), which indicates a more planar conformation
of APD-IID. Meanwhile, the length of the bond that connects the donor moiety and the acceptor core in APD-IID
(1.465 A) is much shorter than that in its isomers (1.487 A in 1Py-IID; 1.483 A in 2Py-IID), implying that the
charge-separated resonance form (Figure 1a) has a significant contribution to the electronic structure of APD-
1ID. As shown in the electrostatic potential (ESP) diagram (Figure 2), there is more obvious charge separation
in APD-IID as compared with its pyrene-based isomers. The positive charge is mainly distributed on the seven-
membered ring of APD, and the negative charge on the five-membered ring and the IID core. The charge-
separated character is conducive to intermolecular electrostatic attraction in the solid state, which can provide
tight molecular packing.l'¥ Furthermore, the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels of APD-IID, 1Py-IID and 2Py-1ID were determined through cyclic voltammetry
measurements (Figure S3 and Table S1). APD-IID exhibits a higher HOMO energy level (-5.27 eV) compared
with its benzenoid isomers (-5.66 eV for 1Py-IID; —=5.64 eV for 2Py-IID), indicating that APD-IID is more suitable
as a p-type organic semiconductor.l'8! In addition, these three molecules have similar LUMO energy levels
(—-3.67 eV for APD-IID; —3.68 eV for 1Py-IID; —3.64 eV for 2Py-IID), since their LUMO distributions are mainly
localized on the 1ID core (Figure S11).
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Figure 2. The optimized geometries and ESP maps for APD-IID, 1Py-IID, and 2Py-IID obtained by DFT calculations.

The UV-Vis absorption spectra of APD-IID, 1Py-1ID, and 2Py-IID are shown in Figure 3. The peaks can be
assigned by comparing the absorption spectra of these three molecules and their building blocks (Figure S2 and
Table S1). In particular, the absorption bands at the long-wavelength region are attributed to the intramolecular
charge transfer (ICT) absorption, as observed in typical donor-acceptor structures. Furthermore, the ICT band
of APD-IID is much stronger than that of 1Py-IID and 2Py-IID, which illustrates the stronger ICT effect in APD-
IID. Based on the lowest-energy absorption onset of the absorption spectrum, the optical gap (E¢°"') of APD-IID
is calculated as 1.79 eV, which is narrower than that of 1Py-IID (1.94 eV) and 2Py-IID (1.93 eV).
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Figure 3. The UV-Vis absorption spectra of APD-IID, 1Py-IID, and 2Py-IID: (a) in toluene solutions (1x107° M) and (b) in thin films. (c)
The UV-Vis absorption spectra of APD-IID in the PMMA matrix with different weight ratios (marp-io/memma). (d) The ratios of /agg and /le22
for different mapp-io/mewma obtained from (c). Inset: the UV-Vis absorption spectra (normalized at 622 nm) of APD-IID in the PMMA

matrix with different mapp.-io/mevma from 550 nm to 800 nm.

The absorption spectra of APD-IID, 1Py-I1ID, and 2Py-IID in thin films were further characterized (Figure 3b).
An apparent new shoulder peak at 670 nm was observed for APD-IID, which can be attributed to the flattening
of molecular configuration caused by intermolecular aggregations (Figure S12).'1 To further study the
aggregation behavior of APD-IID, 1Py-1ID, and 2Py-IID in the solid state, the absorption spectra of the three
molecules in the polymethyl methacrylate (PMMA) matrix with different weight ratios were recorded. As shown
in Figure 3c and 3d, the aggregation peak (at around 670 nm) of APD-IID is gradually enhanced and red-shifted
with increasing the mapp-io/mewma ratio, indicating a strong aggregation tendency of APD-IID in the solid state.
By contrast, the absorption spectra of 1Py-IID and 2Py-1ID in the thin films barely change with the increment of
Mipyaip/Mpuma and  mopyaip/meuma (Figure S4). These results demonstrate that APD-IID has stronger
intermolecular interactions in the solid state as compared with 1Py-IID and 2Py-IID.
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Figure 4. 2D GIWAXS images of (a) 1Py-IID; (b) 2Py-IID; (c) APD-IID thin films annealed at 90 °C.

To investigate the microstructures and morphologies of APD-IID, 1Py-IID, and 2Py-IID films, two-dimensional
grazing incidence wide-angle X-ray scattering (2D GIWAXS) and atomic force microscopy (AFM)
characterizations were carried out. The 2D GIWAXS images of the three molecules are qualitatively distinct. As
shown in Figure 4a, 1Py-IID exhibits weak and diffused diffractions, implying its disordered packing structure.
This phenomenon is consistent with the large torsion angle between the pyrene and 1ID moieties, as revealed
by the DFT-optimized structure of 1Py-IID (Figure 2). For 2Py-IID, the 2D GIWAXS pattern shows obviously
sharper diffraction arcs (Figure 4b), indicating improved packing order. By contrast, the 2D GIWAXS pattern of
APD-IID displays sharp diffraction spots (Figure 4c), indicating a higher crystallinity of the thin film. Moreover,
the diffraction signal along the g, axis corresponds to the lamellar structure with a d-spacing of 2.1 nm, which
implies that the molecules stand nearly perpendicular to the substrate with an edge-on orientation in the thin
films.I"81 On the other hand, AFM images of APD-IID, 1Py-IID, and 2Py-IID films exhibit smooth and continuous
morphologies (Figure S10), with a root-mean-square roughness of 0.81, 0.96, and 0.93 nm, respectively.
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Figure 5. (a) Transfer characteristics of OFET devices based on APD-IID, 1Py-IID, and 2Py-IID. (b) Histograms of the hole mobilities
extracted from the OFET devices of APD-IID, 1Py-IID, and 2Py-IID annealed at different temperatures. 30 devices are measured for
each annealing temperature. The bars on the columns indicate the mean and standard deviation of the mobilities and the stars above
the columns indicate the maximum values of the mobilities.



The charge-carrier mobility was characterized by fabricating thin-film OFET devices with a bottom-gate top-
contact configuration to assess the influence of aggregation on charge transport properties. In order to optimize
the device performance, the thin films were annealed at different temperatures (Table S2). Clear p-channel
OFET responses are observed for 1Py-lID and 2Py-IID (Figure 5a), and the hole mobility increases from
8.87x10™* cm? V™' 57" to 7.53x1073 cm? V™' s7" for 1Py-IID and 4.15x1073 cm? V™' s7' to 4.74x1072 cm? V™' s7*
for 2Py-1ID when the annealing temperature varies from 60 °C to 90 °C (Figure 5b). When the annealing
temperature is increased to 120 °C (Table S2), steep drops in hole mobility are observed for both 1Py-IID and
2Py-IID, which can be ascribed to the deformation of the semiconductor layer during the post-annealing
process.['®! As the annealing temperature increases to 150 °C, the OFET devices based on 1Py-IID and 2Py-
IID cannot work at all. In contrast, APD-IID yields better device performance with hole mobilities of about
7.13x1072 cm? V™' s7" at the annealing temperature of 60 °C. The hole mobilities can be further improved to 0.20
cm? V™' s7" along with high on/off current ratios (/on/lor) of ~10° under the annealing temperature of 120 °C.
While the annealing temperature reaches 150 °C, the hole mobility of APD-IID drops to 4.40x1072 cm? V™' s7".
Therefore, the highest hole mobility of APD-IID is one to two orders of magnitude higher than that of 1Py-IID
and 2Py-IID, which results from the better aggregation of APD-IID in the solid state. The change from benzenoid
pyrene to charge-separated APD leads to stronger intermolecular interactions and better OFET performance.

In summary, we have for the first time employed nonbenzenoid APD as a building block to construct a D-A-D
type semiconducting material (APD-IID), and revealed its superiority over its benzenoid isomers (1Py-1ID and
2Py-1ID) for electronic applications. The charge separation character of APD brings about enhanced
intermolecular interactions, which prompts a more ordered packing structure. As a consequence, APD-IID
exhibits one to two orders of magnitude higher mobility than that of the pyrene-based counterparts. These results
demonstrate the great potential of APD as a novel building block for organic semiconducting materials. More
importantly, the comparison of APD-IID and its benzenoid isomers illustrates the advantages of nonbenzenoid
PAHSs, and would provide new opportunities for the development of optoelectronic materials.
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