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Herein, a new “Y-series” non-fullerene acceptor, Y21, bearing
an asymmetric electron-deficient-core (DA'D) and fluorinated
dicyanomethylene derivatives as flanking groups, was designed
and synthesized for organic solar cell applications. Rather than
being a perfect C, symmetric traditional “Y-series” acceptor, Y21
possesses an electron-withdrawing unit (A’) shifted from the center of
DA'D, turning into an asymmetric molecular geometry. Photovoltaic
devices based on PM6:Y21 can realize a high J,. of 24.9 mA cm2and
a PCE of 15.4%. Our work demonstrates a new way to tune the
photoelectronic properties of the “Y-series” NFAs.

Organic solar cells (OSCs), in which the photoactive layer is
composed of organic conjugated materials, have been consid-
ered as prospective technology because of the advantages in
fabricating a device with light weight, mechanical flexibility,
and solution processability.” In the last decade, fullerene
derivatives have played a dominant role as electron acceptors
due to their suitable electron affinity and isotropic electron
transporting properties.®>'* However, they have some inevitable
drawbacks that impede their further application such as weak
absorption in the visible-near infrared region, and limited
tunability of their optical and electronic properties."*™® The
recent emergence of “Y-series”” non-fullerene acceptors (NFAs),
typically Y6, has revitalized the field of OSCs, with their power
conversion efficiency (PCE) rocketing from 11% to nearly 17%
over the last year.'>* The Y-series NFAs with an A-DA’D-A
configuration are a perfect combination of a ladder-type
electron-deficient-core-based central fused core (DA'D), electron-
accepting end-group (A) and two sp*hybridized nitrogen atoms in
the pyrrole motif of the fused core in a C, symmetric manner.>* ¢
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Thus, the optoelectronic properties of Y-series NFAs can be
easily tailored by chemical modification of either the terminal
A unit or the alkyl side chain. Based on this molecular design
strategy, a variety of high-performance Y-series NFAs have been
constructed for photovoltaic applications."®"®>*2772°
Although exciting progress has been made, the modification
of the DA'D core was rarely reported. Moreover, the alkylated
thieno[3,2-b]thiophene unit somehow increased the synthesis
cost in traditional Y-series NFAs. Introducing the simple thio-
phene unit to replace the alkylated thieno[3,2-b]thiophene unit
is the most intuitive approach to decrease the material cost of
Y-series molecules. However, it was previously discussed that
extending the absorption to an ideal bandgap (1.34 eV) derived
from the Shockley—-Queisser efficiency limit mode is one of the
important principles for designing high photocurrent NFAs,'8**30-3>
In this study, we formulate a unidirectional replacement
strategy to modify the DA’D core, diversifying the Y-series
molecular structures. More importantly, the unidirectional
replacement strategy may produce an asymmetric molecular
structure which may have a large natural dipole moment.**%°
The high dipole moment can strongly influence the molecular
self-assembly between the neighboring molecules and
resultantly reinforce the molecular packing. Consequently, a
new asymmetric Y-series NFA, Y21, consisting of 5,11,12-tris(2-
ethylhexyl)-8-hexyl-11,12-dihydro-5H-thieno[2',3":4,5 |pyrrolo-[3,2-g]-
thieno[2’,3":4,5]thieno[3,2-b][1,2,3]triazolo[4,5-¢]-indole group with
2-(5,6-difluoro-3-ox0-2,3-dihydro-1H-inden-1-ylidene)-malononitrile
(fluorinated IC), was firstly reported by our group (Fig. 1a). Since
the benzotriazole is flanked by the thiophene and alkylated
thieno[3,2-b]thiophene unit, an asymmetric six-membered fused
electron-deficient-core can be obtained. The 2-ethylhexyl side
chains on the two nitrogen atoms of the fused center core can
ensure good solubility and appropriate crystallinity, while the
fluorinated end-group down-shifts the lowest unoccupied mole-
cular orbital (LUMO) energy level and promotes the intermole-
cular interactions. Our result shows that the six-membered fused
electron-deficient-core based acceptor Y21 also can determinate
a broad absorption range with an optical gap (Eg™) of 1.35 eV.
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Fig. 1 (a) The design strategy of asymmetrical NFAs and their corresponding
molecular structures; (b) normalized UV-vis absorption spectra of the solution
and films of Y21 and PM6; (c) cyclic voltammograms of the Y21 film.

The OSCs based on Y21 blended with a medium bandgap
polymer donor PM6 (Fig. 1a) exhibited a high PCE of 15.4%
with an open-circuit voltage (V) of 0.83 V, a short-circuit current
density (Js) of 24.9 mA cm™? and a fill factor (FF) of 74.4%.

The general synthetic route for the Y21 is shown in Scheme 1
and the detailed synthetic processes for the compounds are
provided in the ESL.{ Asymmetrical compound 2 was synthesized
through the Stille coupling reaction by utilizing tributyl(thiophen-2-
yl)stannane and tributyl(6-hexylthieno[3,2-b]thiophene-2-yl)stannane
as raw materials. Then, the double intramolecular Cadogan
reductive cyclization was carried out to convert the nitro groups
of compound 2 into amino groups without further purification
in the presence of triethyl phosphate, followed by the addition of
1-bromo-2-ethylhexane under alkaline conditions to obtain the
ladder-type fused ring compound 4. Dialdehyde compound 5
was prepared by the Vilsmeier-Haack reaction as an orange
solid. Finally, the Knoevenagel condensation reaction of the
fluorinated IC end-capping group with compound 5 yielded
non-fullerene small molecules Y21. All intermediates were char-
acterized by "H nuclear magnetic resonance (‘H NMR). Y21 was
confirmed by "H NMR, *C NMR, and the high-resolution mass
spectra (MS) (Fig. S1-S6, ESIT). Y21 readily dissolved in common
organic solvents.

The normalized absorption spectra of Y21 and PM6 in dilute
chloroform solution and thin film are shown in Fig. 1b, and
the related data are presented in Table S1 (ESIf). In dilute
chloroform solution, Y21 exhibited strong absorption in the
650-800 nm region with a maximum absorption peak at 741 nm.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthetic route of Y21.

From the solution to the solid state, the Y21 film showed a
broader absorption range and a maximum absorption peak
shifted from 741 to 823 nm, suggesting strong intermolecular
interactions of Y21 in the solid state. Although the Y21 has only
six fused aromatic rings, the maximum absorption peak of Y21
in the film is very similar to our previously reported molecule
Y6 (821 nm, seven fused aromatic ring). The optical gap of Y21
estimated from the thin film (917 nm) is 1.35 eV. The electro-
chemical properties of Y21 were studied using cyclic voltam-
metry (CV) at a scanning rate of 20 mV s '. The highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels of Y21 can be calculated
according to the Eyomo/rumo = —€(4.80 — E1s pejrer T Eonset,oxired)
(eV) where E, 5 pe/re+ is the redox potential of Fe/Fc' vs. Ag/AgCl in
the measurement system. From Fig. 1c, the HOMO and LUMO of
Y21 were estimated to be —5.65 eV and —3.90 eV, respectively.
The optical and electrochemical data of Y21 are summarized in
Table S1 (ESIt).

To investigate the photovoltaic performance of Y21, OSC
devices with an inverted device structure of ITO/ZnO/active
layer/MnO;/Ag (Fig. 2a) were fabricated with PM6 as the donor
material and Y21 as the acceptor material. To find the best
condition for the active layer, the photovoltaic properties were
systematically screened by varying the D/A ratio, processing
additive concentration, and annealing temperatures. The ratio
of D/A (weight ratio) was adjusted from 1:1 to 1:1.5, and the
corresponding parameters are listed in Table S2 (ESIf). The
device with a 1:1 ratio showed the best performance with a V.
of 0.85 V, a Js. of 24.3 mA cm™ 2, a FF of 67.2% and a PCE of
13.9%. On the basis of 1:1 blend ratio, by thermal annealing at
100 °C for 10 min with 0.5% 1-chloronaphthalene (CN) as the
additive, the PCE went up to 15.4% with a V,. of 0.83 V, a J;. of
24.9 mA cm~ 2, and a FF of 74.4% (Table 1).

It is interesting to note that the Y21 devices possess similar
Voe and Ji. but different FF after optimizing the devices, which
could be ascribed to the higher and balanced hole and electron
mobilities of the blend films. Thus, the charge transport
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Fig. 2 (a) Current density versus voltage characteristics; (b) EQE curves of
the devices; (c) J-V curves of the electron-only devices for the w/wo
optimal active layer; (d) J-V curves of the hole-only devices for the w/wo
optimal active layer.

Table 1 Photovoltaic performance of the OSCs based on PM6:Y21 (the
average values for 15 devices in the brackets), under the illumination of AM
15G, 100 mW cm™

Active layer Voe (V) Jse (MA cm™?) FF (%) PCE (%)
PM6:Y21¢ 0.85 24.3 67.2 13.9 (13.7)
PM6:Y21” 0.83 24.9 74.4 15.4 (15.2)

“ As-cast. * With 0.5% CN after thermal annealing.

properties in the PM6:Y21 blend were measured by the space-
charge-limited current (SCLC) method using the hole-only and
electron-only devices, respectively (Fig. 2c and d). For devices
without any treatment, the electron and hole mobility (i and wuy,)
were 8.9 x 10 > em’ V' s ' and 3.3 x 107" em® V' 57" with a
mobility ratio (ue/un) of 3.7. Apparently, under the optimized
conditions, the device exhibits a higher electron and hole mobility
of 1.3 x 10 °ecm®> V' s " and 9.8 x 10 *em® V™" s (ue/u, of 1.3).

The external quantum efficiency (EQE) curves are shown in
Fig. 2b. The Y21 based devices show a broad photocurrent
response from 300 to 900 nm and the maximum EQE plateau
reached about 80% from 550 to 800 nm, indicating efficient
photo harvesting and charge collection. The integrated photo-
currents of the PM6:Y21 blend film with and without optimiza-
tion from EQE spectra were 24.5 and 24.0 mA cm™ 2, respectively,
both of which are in good agreement with the J,. values obtained
(less than 2% error) from the corresponding j-V curves.

To evaluate the exciton dissociation and extraction processes
in the Y21 based devices, the dependence of photocurrent
density (Jpn) versus the effective voltage (Veg) was measured.
Jon can be defined as Jon = Jiight — Jdark, Where Jiigne and Jqark
represent the photocurrent density under illumination and dark
conditions, respectively. Veg equals to V, — Vpias, Where V,, is the
voltage when [, = 0 and Vy,s is the applied external voltage bias.
At high V¢ values (i.e., Ve > 2 V), Jpn reaches saturation (Jsa),
suggesting that mobile charge carriers can rapidly move toward
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the corresponding electrodes with minimal recombination.'®
Thus, the exciton dissociation and extraction can be estimated
using the J,n/Jsac Tatio. From Fig. S7 (ESIT), it can be seen that a
high Jon/Jsae value of 98.4% was achieved for Y21-based devices
with an optimized active layer, which is slightly higher than that
of the active layer without optimization (97.0%), indicating that a
higher exciton dissociation and charge extraction process in
treated devices contribute to its high J,. and FF. Under the
maximal power output conditions, the J,n//sac values in Y21-
based devices with and without an optimized active layer are still
as high as 98.4% and 97.0%, respectively, indicating a consider-
ably higher device performance after optimizing the active layer.
We also measured the charge recombination behavior of the
OSCs. The dependence of J,. as a function of light intensity (P)
was studied and modeled with the equation . oc P,. If all free
charge carriers are swept out and collected at the electrodes prior
to recombination, « tends to the limit 1.>" In Fig. S8 (ESIt), the
recombination parameters are 0.94 and 0.96 for the devices
with as-cast and optimized blends, respectively, suggesting that
bimolecular recombination is effectively suppressed during the
operation of the optimized device.

The morphology of the PM6:Y21 blend films without and with
0.5% CN after thermal annealing was investigated by transmis-
sion electron microscopy (TEM). Fig. 3 shows the TEM images of
the PM6:Y21 blend films prepared under different conditions. No
distinct feature was found in the (as cast) blend films as shown in
Fig. 3a. However, the addition of the CN additive and thermal
annealing induce some suitable nanophase-segregated structures
in the blends (Fig. 3b). The favorable phase size of the PM6:Y21
blend films can promote efficient charge separation and thus
leads to high current density.

In conclusion, we have designed and synthesized a new NFA,
Y21, with an asymmetric electron-deficient-core-based fused
structure for use in OSCs. Y21 has good solubility in common
solvents, a strong absorption profile ranging from 700 to
900 nm with an optical gap of 1.35 eV. In addition, by using
the SCLC measurement method, high and balanced mobilities
can be achieved in optimized PM6:Y21 blend films. Moreover, a
suitable nanophase-segregated structure with an optimized size
and preferred orientation is also observed in optimized PM6:Y21
blend films. Consequently, the asymmetrical Y21-based OSCs
achieved a high PCE of 15.4% with a V,. of 0.83 V, a J,. of

Fig. 3 TEM images of the PM6:Y21 blend films prepared under different
conditions (a) as-cast and (b) with 0.5% CN after thermal annealing.

This journal is © The Royal Society of Chemistry 2020
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24.9 mA cm ™2, and a FF of 74.4%. This work reveals a new
molecular design to modify the DA’D core and reports a new
Y-series NFA for OSC applications.
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