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Near-infrared (NIR) materials have attracted intensive attention in recent
years. In this paper, we design a new nonbenzenoid acepleiadylene
derivative (APD-DPP) with NIR absorption by taking advantage of the
narrow band gap of acepleiadylene. Experimental and theoretical studies
show that APD-DPP has strong NIR absorption and a high carrier
mobility of up to 0.30 cm? V- s NIR phototransistors based on
APD-DPP exhibit a high photoresponsivity of 1.30 A W™, a photosensi-
tivity of 1.34 x 10% and a specific detectivity of 5.31 x 10 Jones. These
results reveal the potential of APD as a building block for NIR-absorbing
materials.

Near-infrared (NIR) materials have attracted intensive atten-
tion in recent years due to the wide applications of NIR light
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(700-1700 nm)"? in the fields of medical monitoring, quality
inspection, biological imaging etc.>® In particular, NIR photo-
transistors can convert NIR light into electrical signals, realizing
the detection of NIR light.">™"” Traditional NIR phototransistors
are mainly based on inorganic semiconductor materials, which
nevertheless have the disadvantages of high cost and temperature
sensitivity.'® Benefiting from the characteristics of light weight,
flexibility and solution processibility, organic semiconductors are
ideal candidates for NIR light detection.">®® For high-
performance NIR organic phototransistors (OPTs), organic
materials with both strong NIR absorption and high carrier
mobility are required.>'® However, these kinds of materials
are rarely reported, which hinders the development of NIR
OPTs. The common design strategy for NIR-absorbing materi-
als mainly involves increasing the conjugation length and
constructing donor (D) and acceptor (A) alternating struc-
tures.>”">° Compared with the complicated synthetic routes of
enlarging the conjugation length, the D-A alternating struc-
tures feature concise synthetic routes and adjustable energy
levels using different building blocks.*® Besides the NIR
absorption, D-A alternating structures have strong intermole-
cular interactions induced by the tight n-n stacking and electro-
static interaction, which are conducive to charge transport.*'*?
Although some studies on D-A type organic semiconductors in
NIR photodetectors have been reported before,****"*° there are
few examples that can achieve high NIR OPT performance.
Nonbenzenoid polycyclic arenes contain nonhexagon rings in
a polycyclic aromatic system.’*™> The attention on these mole-
cules with structural diversity has been boosted during the past
decade,**® especially in the fields of organic field-effect transis-
tors (OFETs),""** magnetic materials,"*° thermoelectrics,”
sensing,® and solar cells.® Acepleiadylene (APD), one of the
nonbenzenoid isomers of pyrene, features a narrower energy
gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), a larger
molecular dipole moment, and a separated charge distribution
(Fig. 1a and b).>* Consequently, APD has great potential to be
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Fig.1 (a) Comparison of pyrene and acepleiadylene (APD) with the
molecular dipole moment, colour in solution, and electrostatic potential
(ESP) diagram. (b) Frontier molecular orbitals (FMO) and energy levels of
pyrene and APD. (c) Design strategy of the novel NIR-absorbing material
APD-DPP combining the nonbenzenoid building block APD and the
D-A-D structure.

applied in optoelectronic materials as a building block. Con-
sidering the narrow HOMO-LUMO gap of APD, here we design
and synthesize an APD derivative (APD-DPP) with APD as the
donor moieties and diketopyrrolopyrrole (DPP) as the acceptor
moiety, which can achieve NIR absorption (Fig. 1c). Taking
advantage of both the high charge carrier mobility and the NIR
absorption character of APD-DPP, NIR phototransistors based
on APD-DPP have been fabricated, revealing high device
performance.

The synthetic routes to APD-DPP and its benzenoid counter-
parts are shown in Scheme 1. From known precursor 1,°°
APD-DPP was obtained using the Suzuki-Miyaura coupling in
a yield of 64%. Following a similar synthetic strategy, 1Py-DPP
and 2Py-DPP were also synthesized in 38% and 42% yields,
respectively. The structures of all these compounds were iden-
tified by "H and "*C NMR spectroscopies and high-resolution
mass spectrometry (HRMS).

In order to prove the advantage of APD in the absorption of
long-wavelength photons, the UV-Vis absorption spectra in
both toluene solutions and thin films were recorded (Fig. 2).
The three molecules show a similar absorption band at the
wavelength from 300 to 500 nm in toluene solution. These high
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Scheme 1 Synthetic routes to APD-DPP, 1Py-DPP, and 2Py-DPP.
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Fig.2 The UV-Vis absorption spectra of 1Py-DPP, 2Py-DPP, and
APD-DPP (a) in toluene solutions (1 x 107> M) and (b) in thin films.

energy absorption bands stem from the donor and acceptor
moieties by comparing the absorption spectra of APD-DPP,
1Py-DPP, and 2Py-DPP with their corresponding build-
ing blocks (Fig. S2, ESIt). The low-energy absorption bands
(500-800 nm) are assigned to the intramolecular charge trans-
fer (ICT) bands. APD-DPP exhibits a more red-shifted absorp-
tion maximum (664 nm) than 1Py-DPP (598 nm) and 2Py-DPP
(617 nm), which results from the stronger ICT effect, implying
that APD is a stronger electron donor than pyrene given that
acceptors are the same DPP segment. Besides, the ICT band of
APD-DPP reaches the NIR region, while its benzenoid isomers
do not. Additionally, there is an obvious red-shift of the
absorption maximum by ~100 nm in thin films as compared
with those in solution for all three molecules. As a result, the
absorption spectrum of APD-DPP covers more NIR region
ranging from 700 to 900 nm, while the other two counterparts
still cannot reach the NIR region. Based on the electrochemical
measurements (Fig. S4, ESI{), APD-DPP exhibits a higher
HOMO energy level (—5.53 eV for APD-DPP, —5.76 eV for
1Py-DPP, and —5.74 eV for 2Py-DPP) and a lower LUMO energy
level (—4.02 eV for APD-DPP, —3.85 eV for 1Py-DPP, and
—3.86 eV for 2Py-DPP) compared with its benzenoid isomers,
presumably owing to the stronger intramolecular interaction
between APD and DPP moieties. The resulting narrow HOMO-
LUMO gap of APD-DPP proves the capability of APD in tuning
frontier molecular orbital (FMO) energy levels.

To further clarify the reason for the small band gap of
APD-DPP, theoretical calculations were conducted (Fig. 3).
Time-dependent density functional theory (TD-DFT) calculations
illustrate that the lowest-energy transition of S, — S; in all these
three molecules is mainly attributed to the HOMO — LUMO

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Calculated molecular conformations, the HOMO and LUMO
distributions, energy levels, and the Sqo — S; transition analyses of (a)
APD-DPP, (b) 1Py-DPP, and (c) 2Py-DPP.

transition with strong oscillator strengths (1.85 for APD-DPP,
1.44 for 1Py-DPP, and 1.64 for 2Py-DPP), corresponding to the
large molar extinction coefficients at the absorption maxima
(54279 M~ em ™! for APD-DPP, 52348 M~ " cm ™' for 1Py-DPP,
and 49748 M~" em™" for 2Py-DPP) in solution. The transition
energy of APD-DPP was calculated as 1.76 eV, corresponding to
an absorption peak at 705 nm, which is more red-shifted
compared with those of 1Py-DPP and 2Py-DPP. Additionally,
the FMO distribution of APD-DPP is more delocalized,
implying better conjugation between APD and DPP moie-
ties, which leads to a stronger intramolecular interaction in
APD-DPP than those in 1Py-DPP and 2Py-DPP. A smaller
dihedral angle of 26° is observed between APD and thiophene
moieties for APD-DPP than those for 1Py-DPP (48°) and
2Py-DPP (28°) based on the optimized geometries, which is
also in favour of the intramolecular conjugation between APD
and DPP segments. Both the experimental data and the calcu-
lated results prove that APD has a vital effect on the energy
levels as well as the absorption feature, which indicates the
potential of APD as a building block in NIR-absorption
materials.

To investigate the charge transport properties of APD-DPP,
bottom-gate top-contact OFET devices were fabricated by spin-
coating a solution of APD-DPP in trichloroethylene onto
12-cyclohexyldodecylphosphonic acid (CDPA)-modified AlO,/
SiO,/Si substrates. Meanwhile, the charge transport properties
of two benzenoid isomers 1Py-DPP and 2Py-DPP were also
characterized for comparison. All three molecules show hole
transport characteristics and their OFET characterization data
are summarized in Table S2 (ESIt). For optimizing the device
performance, different annealing temperatures were applied on
these thin films. The mobility of the OFET devices based on the
APD-DPP films gradually increases from 0.036 cm®> V' s™' to
0.30 cm® V™' s7! when the annealing temperature increases
from 60 °C to 150 °C. However, as the annealing temperature further
increases to 160 °C, the mobility decreases to 0.08 cm®> V ' s~ due
to the film melting or deformation. Therefore, the optimized
annealing temperature of APD-DPP is 150 °C, while the optimized
annealing temperature of 1Py-DPP and 2Py-DPP is 90 °C. These

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Typical transfer (a) and output (b) curves of OFET devices based on
APD-DPP thin films.

results indicate that the OFET device of APD-DPP has a better
thermal stability. Importantly, APD-DPP has the best charge
transport performance among these three molecules and its
maximum mobility is 0.30 cm® V™' s, which is larger than the
highest mobilities of 1Py-DPP (2.60 x 10> cm® V™' s7') and
2Py-DPP (6.38 x 107> ecm® V' s7'). The transfer and output
curves of APD-DPP-based OFET devices are shown in Fig. 4. It
can be concluded that APD-DPP has an advantage over its
benzenoid isomers in charge transport. Because the transport
speed of dissociated photoinduced excitons directly affects the
intensity of the photocurrent, the charge transport perfor-
mance is vital to photodetection in NIR OPTs.

Combining the better charge transport properties and the
NIR absorption of APD-DPP, we used APD-DPP as the active
layer in NIR OPTs. To optimize the OPT performance, a
commonly used electron blocking layer MoO; was introduced
into the original OFET device structure (Fig. 5a). The perfor-
mance measurements were carried out in the dark and under
illumination using a 730 nm light-emitting diode (LED) with

@ NIR light (b)

Power density

Au Au
MoO, MoO,
APD-DPP
Dielectric layer

’\,\

0 5 10 15 20 0 5 10 15 20

Power density (mW cm?) Power density (mW cm™?)

Fig. 5 NIR-responsive characteristics of the OPT devices with APD-DPP
as the channel layer. (a) Schematic diagram of the NIR phototransistor.
(b) Transfer curves (Vsp = —20 V) under different illumination intensities of
NIR light (A = 730 nm). (c), (d) The values of R, D* and P under different
illumination intensities (1 = 730 nm, Vsp = =20 V, Vg = —20 V for R,
Vg = —4 V for D* and P).
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adjustable light intensity. It is observed that the introduction of
electron blocking layer MoO; significantly improves the NIR
light detection performance of the OPT devices (Fig. S9, S10
and Tables S3, S4, ESIt). Fig. 5b shows the transfer curves of the
OPT device in the dark and under different illumina-
tion intensities. As the illumination intensity increases from
0.5 mW cm ™ to 21.4 mW cm 2, the source-drain current (Isp)
increases gradually due to the extra photogenerated current
under the illumination of NIR light and the device shows a
good NIR light detection performance. Fig. 5c¢ shows the
tendency of photoresponsivity (R) and specific detectivity (D*)
under 730 nm light at different illumination intensities. With
the increase of the illumination intensity, both the values of
R and D* show a similar downward trend. The R reaches the
maximum value of 1.30 A W~ " when the illumination intensity
is 0.5 mW cm 2 at Vg of —20 V, while the D* reaches the
maximum value of 5.31 x 10! Jones when the illumination
intensity is 1.2 mW cm ™2 at V; of —4 V. The photosensitivity (P)
increases as the illumination intensity is enhanced (Fig. 5d).
When the illumination intensity reaches 21.4 mW cm 2, the
maximum P value is 1.34 x 10", The NIR phototransistor
performance data are summarized in Table S3 (ESIf). In this
device configuration, the maximum photoresponsivity, photo-
sensitivity, and specific detectivity are Rpa = 1.30 AW ™%, Pray =
1.34 x 10% and Dj,,, = 5.31 x 10'! Jones. Compared with the
reported single-component thin-film NIR OPTs (Table S5, ESIT),
the performance of APD-DPP is among the best NIR OPT
devices.

In summary, we have designed and synthesized a new
nonbenzenoid APD derivative APD-DPP with NIR absorption
by taking advantage of the narrow band gap and strong
electron-donating effect of APD. Experimental and theoretical
studies show that APD-DPP has a narrower band gap than its
benzenoid isomers 1Py-DPP and 2Py-DPP, with the absorption
extending to the NIR region. Additionally, higher carrier mobi-
lity is observed for APD-DPP (0.30 cm” V™' s™') as compared
with its benzenoid isomers (107°~10"* cm® V' s* for 1Py-DPP
and 2Py-DPP). Furthermore, NIR phototransistors based on
APD-DPP have been fabricated, exhibiting photoresponsivity
of 1.30 A W™, photosensitivity of 1.34 x 10% and specific
detectivity of 5.31 x 10! Jones. These results indicate the
potential of APD as a building block for NIR materials and
demonstrate the value of nonbenzenoid polycyclic arenes for
optoelectronic applications.
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