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ABSTRACT: It has been reported recently that open-shell diradical character could exist in narrow bandgap donor-acceptor 
(D-A) organic semiconductors in our previous work. The A-D-A type molecules play as important role in the organic electronic 
such as donors and acceptors (ITIC and Y6) in organic solar cells. However, their relatively poor chemical and photostability 
prevent their industrial application. In this work, we reported a stable A-D-A type open-shell diradical, named LY1-4Cl, by 
replacing the 2-(3-oxo-2,3-dihydro-1H-inden-1-yli-dene)malononitrile (IC)-series end group of typical closed-shell non-
fullerene acceptor IT-4Cl.  The new electron-withdrawing building block could give LY1-4Cl the redshift near-infrared (NIR) 
absorption, the smaller bandgap and highly enhanced photostability comparing with IT-4Cl. The open-shell diradical 
character of LY1-4Cl originates from the formation of quinoid diradical form. Moreover, benefiting from the broad NIR 
absorption and radical-promoted nonradiative transition, LY1-4Cl displayed high photothermal properties that an increasing 
temperature of 188℃ was recorded within 60 s under 808 nm laser irradiation of 0.8 W cm-2. This research provides a new 
strategy to design IC-free A-D-A type open-shell quinoid diradical with ultra-narrow bandgap, good photostability and 
efficient photothermal conversion. 

Organic radicals are of great interest due to their one or 
more unpaired electrons leading to unique physicochemical 
properties and potential applications in organic/perovskite 
solar cells,1-4 organic field-effect transistors5, 6 as well as 
organic photothermal materials.7-10 One of the most famous 
radical systems is open-shell diradicals based on 
Chichibabin’s hydrocarbon derivatives, whose driving force 
is the recovery of aromaticity (Ar) of the quinoidal (Qu) 
rings, then producing two unpaired electrons (Figure 
1A).11-13 Several strategies including steric protection, 
electron delocalization, introduction of electron-
withdrawing groups and heteroatom assistance have been 
applied to stabilize the highly reactive diradicals.14 Recent 
years have witnessed great progress of these types of 
diradicals,15-22 but it remains a challenging subject to 
further develop stable diradicals because of their complex 
synthetic routes.  

With different formation and stabilization mechanisms of 
diradicals, another emerging radical system is donor-
acceptor (D-A) narrow bandgap organic semiconductors.12 
Many compounds have been reported to exhibit obvious 
diradical character using strong electron-rich donors to 
combine with acceptor units such as benzo[1,2-c:4,5-
c']bis[1,2,5]thiadiazole23-27 (BBT) and  
diketopyrrolopyrrole28-30 (DPP). Significantly, our group 
revealed that it is the open-shell quinoid resonance 
structure of D-A-D type narrow bandgap small molecules 
that results in their diradical character (Figure 1B),28, 29 and 
further proposed the mechanism of aggregate-induced 
radical.30 Strong electron D-A planar structure is beneficial 
to achieve high intramolecular charge transfer (ICT) effect 
and to reduce the bandgap, contributing to the formation of 
quinoidal biradical resonance structure.29 However, there 
are few reports about A-D-A type organic small molecules 
that possess open-shell diradical character. 

Nowadays, A-D-A strategy has been successfully applied 
in the design of non-fullerene acceptors (NFAs) with near-
infrared (NIR) absorption and narrow bandgap.31-34 The 2-
(3-oxo-2,3-dihydro-1H-inden-1-yli-dene)malononitrile 
(IC)-series are the most popular electron-withdrawing 
groups  in the synthesis of  NFAs, but  these NFAs containing 
vulnerable exocyclic double bonds could easily suffer from 
poor photostability.35-38  In addition, high performance A-D-

 

Figure 1. (A) Resonant structure of Chichibabin’s hydrocarbon and 

classical examples of open-shell diradical driven by the recovery 

of aromaticity (Ar). (B) Open-shell D-A-D quinoid (Qu) diradical in 

our previous work. (C) The A-D-A type closed-shell acceptor IT-

4Cl and open-shell diradical LY1-4Cl in this work. 
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A type NFAs like ITIC series show closed-shell electronic 
structure and extremely weak electron spin resonance 
signal.29 Further reducing the bandgap is conducive to 
induce forming open-shell quinoidal structure and enhance 
non-radiative deactivation to attain efficient photothermal 
conversion.9, 28, 29, 39-42 Thus, it is necessary to develop new 
acceptor units that not only could endow materials with 
improved stability but also have stronger electron-
withdrawing ability to narrow the bandgap. 

Herein, an IC-free ultra-narrow bandgap A-D-A type small 
molecule, namely LY1-4Cl, was well designed and simply 
synthesized by changing the electron-withdrawing unit of 
IT-4Cl reported by Hou’s group43 (Figure 1C). Owing to the 
improved ICT effect, LY1-4Cl showed a significantly 
redshifted absorption even with insufficient planarity 
relative to IT-4Cl. In addition, the narrow bandgap and high 
HOMO level of LY1-4Cl lead to the formation of open-shell 
quinoid diradical character. The photostability of LY1-4Cl 
has greatly enhanced with its intrinsic structure stability, 
proving the effectiveness of our molecular design strategy.  
Moreover, the temperature of LY1-4Cl powder could 
rapidly increase to 188℃ under 808 nm laser irradiation 
(0.8 W cm-2), which is about 30% higher than that of IT-4Cl. 
Therefore, this study provides a facile synthesis of A-D-A 
type open-shell diradical to achieve broad NIR absorption 
and efficient photothermal conversion. 

As shown in Scheme 1, the synthesis of LY1-4Cl contains 
a two-step facile reaction. The intermediate A1 was 
obtained from the Knoevenagel condensation between 3-
bromo-9H-fluoren-9-one and 2-(5,6-dichloro-3-oxo-2,3-
dihydro-1H-inden-1-ylidene)malononitrile using pyridine 
and TiCl4 as catalysts, in a good yield of 86%. The desired 
compound LY1-4Cl was synthesized via Stille coupling 
reaction employing commercial indacenodithieno[3,2-
b]thiophene tin reagent (IDTT-Sn) to react with A1. The 
structure of target product was well characterized by 
Nuclear magnetic resonance (NMR) spectra and the high-
resolution matrix-assisted laser desorption/ionization time 
of flight (MALDI-TOF) in the supporting information 
(Figure S1-S3). 

The UV-Vis absorption spectra of LY1-4Cl and IT-4Cl in 
chloroform solutions and thin films are presented in Figure 
2A. The LY1-4Cl in chloroform solution displayed a 
maximum absorption peak at 811 nm with an obvious red-
shift of about 108 nm when compared with that of IT-4Cl 

solution. The LY1-4Cl film had a broad and strong 
absorption in the 600-1100 nm range, which can cover 
more sunshine radiation spectra than IT-4Cl. The 
absorption onset of LY1-4Cl and IT-4Cl films were 1100 nm 
and 825 nm, respectively, with corresponding optical 
bandgaps of 1.13 and 1.50 eV, respectively. However, the 
maximum extinction coefficient of LY1-4Cl film was 
calculated to be 5.29×104 cm–1, which is lower than 
1.26×105 cm–1 of IT-4Cl film.44 These results are caused by 
the stronger electron withdrawing ability of the new 
acceptor unit, the extended π-conjugation, and the 
enhanced intramolecular charge transfer interaction of 
LY1-4Cl.45-47 

To evaluate the photostability of LY1-4Cl and IT-4Cl in 
chlorobenzene solution, their absorption decay spectra 
with different irradiation times were recorded. The results 
were displayed in Figure 2B-2C. When exposed to one-

 
Scheme 1. Synthetic route of LY1-4Cl.  

 
Figure 2. (A) UV-Vis absorption spectra of LY1-4Cl and IT-4Cl 
in chloroform solutions and thin films prepared from 
chloroform solution. (B) UV-vis absorption decay spectra of 
LY1-4Cl and IT-4Cl in chlorobenzene solution under the 
irradiation of 100 W tungsten lamp. (C) The decrease of 
absorption intensity and the inserted photo images of LY1-4Cl 
and IY-4Cl with increasing irradiation time.  
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hour illumination, the absorption intensity of IT-4Cl at 
maximum absorption peak (694 nm) reduced dramatically 
to zero along with the solution color changing from initial 
blue to pink, which suggests its entire photodegradation. 
Encouragingly, LY1-4Cl retained the unchanged solution 
color and about 90% of its original absorption intensity 
even after irradiation of ten hours, confirming enhanced 
photostability than IT-4Cl. 

The energy levels of two materials were measured by 
cyclic voltammetry (CV) method (Figure S4). The energy 
level diagram of LY1-4Cl and IT-4Cl was shown in Figure 
S5 and the corresponding parameters were collected in 
Table S1. The HOMO/LUMO energy levels of LY1-4Cl and 
IT-4Cl were determined to be -5.43/-4.33 and -5.75/-4.14 
eV, respectively. Without changing the donor moiety IDTT, 
the LUMO energy level of LY1-4Cl was downshifted by 0.19 
eV relative to IT-4Cl, consistent with its stronger electron-

withdrawing capability acceptor moiety. Meanwhile, it is 
worth noting that the HOMO energy level of LY1-4Cl was 
markedly increased by 0.32 eV, which resulted in the ultra-
narrow electrochemical bandgap of 1.10 eV, consistent with 
the optical bandgap.  

To study the electron transition process in its excited 
state, we tested the photoluminescence (PL) spectrum of 
LY1-4Cl and IT-4Cl in chloroform solution and thin film. As 
shown in Figure 3A, the IT-4Cl in chloroform solution and 
film exhibited a strong fluorescence emission peak at 756 
and 830 nm, respectively, while on the contrary, almost 
complete fluorescence quenching was discovered in that of 
LY1-4Cl.  This means that LY1-4Cl is a potential candidate 
for photothermal material because its excited-state energy 
is mainly dissipated through nonradiative transition, 
leading to efficient heat production. 

The electron spinning resonance (ESR) spectroscopy was 
employed to characterize the radical properties of their 
powders (Figure 3B and Figure S6). IT-4Cl exhibited a very 
weak ESR signal owing to its closed-shell electronic 
structure. In contrast, a strong ESR signal with a g-factor of 
2.0025 was recorded for LY1-4Cl. The result demonstrates 
the existence of open-shell electronic structure and carbon 
radical in LY-4Cl, which can be attributed to its higher 
HOMO energy level and lower bandgap (Figure 3C).28-30, 48  

Considering the extended near-infrared absorption and 
radical-promoted nonradiative decay, LY1-4Cl may possess 
outstanding photothermal properties (Figure 3D)7, 10, 12. 
Thus, we used an infrared camera to monitor the 
temperature change of their powders (10 mg) under 808 
nm laser irradiation, to evaluate the photothermal 
performances of LY1-4Cl and IT-4Cl (Figure 4A and Figure 
S7). When exposed to 808 nm laser of 0.8 W cm-2 
illumination density for 60 s, the temperature of LY1-4Cl 
powder can rise rapidly to around 188 ℃ that is much 
higher than that (148 ℃) of IT-4Cl (Figure 4B). 
Furthermore, little difference of maximum temperature 
was observed for LY1-4Cl after ten cycles of heating and 
cooling, which illustrates its good photobleaching 
resistance and photothermal stability, while unexpectedly 
good stability was also found in IT-4Cl in the photothermal 
cyclic test (Figure 4C). It shows clearly that the maximum 

 
Figure 4. (A) Infrared thermal images of LY1-4Cl powder, (B) Photothermal conversion behavior of LY1-4Cl and IT-4Cl powders 
under 808 nm laser irradiation (0.8 W cm-2) and then turned off.  (C) Photobleaching resistance property of LY1-4Cl and IT-4Cl 
powders during ten cycles of heating-cooling processes.  (D) Photothermal conversion behavior of LY1-4Cl powder under 808 nm 
laser irradiation at different laser power (0.2-1.0 W cm-2). (E) Fitting lines of maximum temperature of LY1-4Cl and IT-4Cl in 
different power density. (F) Maximum temperature of reported photothermal materials under laser irradiation. 

 

 
Figure 3.  (A) Photoluminescence spectra of LY1-4Cl and IT-4Cl 
in chloroform solutions (excited at 650 nm) and thin films 
(excited at 720 nm). (B) ESR spectra of LY1-4Cl and IT-4Cl 
powders at the same mole amount (0.01 mmol). (C) Mechanism 
of the formation of open-shell structure. (D) Jablonski diagram 
illustrates the different energy loss pathways of photoexcited 
LY1-4Cl and IT-4Cl. 
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temperature was the linear relationship with laser power 
densities for both LY1-4Cl and IT-4Cl (Figure 4D-4E and 
Figure S8).  As shown in Figure 4F, these results 
demonstrate the superior photothermal properties 
compared with other reported organic photothermal 
materials (Table S2).7, 9, 39, 49-55 

In conclusion, an IC-free ultra-narrow bandgap open-
shell diradical named LY1-4Cl featuring an A-D-A structure 
was attained by a facile synthesis. Without changing the 
donor unit, LY1-4Cl had significant red-shift of absorption 
even with insufficient planarity in comparison with IT-4Cl, 
indicating the stronger electron-withdrawing ability of our 
acceptor unit. The higher HOMO energy level together with 
the smaller bandgap of LY1-4Cl are conducive to the 
formation of open-shell quinoid diradical. More 
experiments discovered that both the photostability and 
photothermal properties of LY1-4Cl were higher than IT-
4Cl. These advantages above make LY1-4Cl possess 
potential application in solar-driven water evaporation and 
photothermal therapy. In the future, we expect to further 
extend the NIR absorption by improving the planarity 
between donor unit and acceptor unit based on this strategy. 
Overall, this work makes an important step toward near-
infrared A-D-A type material with high photostability and 
brings new insight in developing open-shell diradical with 
efficient photothermal conversion.  
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