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A carbon—oxygen-bridged hexacyclic ladder-type
building block for low-bandgap nonfullerene
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A hexacyclic carbon—oxygen-bridged ladder-type unit, CO;6, was developed. Three nonfullerene
acceptors (CO6IC, CO6FIC and CO;6DFIC) based on CO;6 were prepared. They present low optical
bandgaps of 1.31-1.37 eV and strong absorbance in the near-infrared region. A 9.12% power conversion

efficiency was achieved from the solar cells based on CO;6FIC and a wide-bandgap copolymer donor

rsc.li/frontiers-materials (FTAZ).

Recently, acceptor-donor-acceptor (A-D-A) small molecules
have emerged as efficient acceptor materials for organic solar
cells (0SCs)." These molecules generally consist of a ladder-
type electron-donating core unit and two strong electron-
withdrawing end units.” The merits of A-D-A acceptors are as
follows: (1) tunable energy levels and good electron mobility to
match donor materials; (2) strong visible and near-infrared
(NIR) absorption to generate more excitons; (3) out-of-plane
side chains to avoid over aggregation and to realize optimal
morphology.? Over 14% power conversion efficiency (PCE) was
first reported by Ding et al.*

Molecular engineering via tailoring the structures of core
units, end units and the side chains is the key toward high-
performance A-D-A nonfullerene acceptors.’ Recently, our group
has developed novel carbon-oxygen-bridged (CO-bridged) ladder-
type core units for making efficient A-D-A acceptors.® Compared
with carbon-bridged (C-bridged) units, CO-bridged units show
enhanced electron-donating capability and planarity. CO-Bridged
A-D-A acceptors present narrower bandgaps, stronger light-
harvesting capability, higher electron mobility and better photo-
voltaic performance.® Low-bandgap nonfullerene materials
have attracted great attention due to their potential application
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in semi-transparent solar cells,’ tandem solar cells,® and
photodetectors.” Therefore, developing new low-bandgap
CO-bridged A-D-A acceptors is quite necessary. Here, we report
the preparation of a hexacyclic CO-bridged ladder-type building
block, CO;6, and the use of CO;6 in making three low-bandgap
A-D-A acceptors, CO;6IC, CO;6FIC and CO;6DFIC (Fig. 1). The
optical, electrochemical properties and the photovoltaic perfor-
mance of CO;6-based acceptors were investigated. Fluorine-
substitution in the end units significantly affects the performance
of the acceptors. Solar cells based on CO;6FIC and a wide-bandgap
copolymer donor, poly(4-(5-(4,8-bis(3-butylnonyl)benzo[1,2-b:4,5-
b']dithiophen-2-yl)thiophen-2-yl)-2-(2-butyloctyl)-5,6-difluoro-7-
(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole) (FTAZ),'® gave a PCE
of 9.12%.

The synthetic route is shown in Scheme 1. Stille coupling
of (3,6-dimethoxythieno[3,2-b]thiophene-2,5-diyl)bis(trimethyl-
stannane) and 2-ethylhexyl 2-bromothiophene-3-carboxylate gave
compound 1 in 83% yield. Treating compound 1 with BBr;
afforded the demethylated compound 2 in 95% yield. Compound
2 was quantitatively converted to bislactone 3 via an acid-promoted
intramolecular transesterification.®” The addition of four equiva-
lents of Grignard reagent to 3 followed by an intramolecular
dehydration cyclization afforded CO;6 in 86% yield."" “i” indicates
that C-O bonds point to the core of the molecule (inward), and “6”
stands for six fused rings. Deprotonation of CO;6 by BuLi followed
by adding N,N-dimethylformamide (DMF) produced CO;6-CHO in
80% yield. Finally, Knoevenagel condensation of CO;6-CHO with
1,1-dicyanomethylene-3-indanone (IC), monofluoro-substituted IC
(FIC) or difluoro-substituted IC (DFIC) afforded CO;6IC, CO;6FIC
and CO;6DFIC in 90%, 94% and 86% yields, respectively. The
structures of the compounds were confirmed by nuclear magnetic
resonance (NMR) and mass spectroscopy (see ESIt). These
compounds show good solubility in common solvents such as
chloroform, toluene and chlorobenzene.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 1 The structures of CO;6IC, CO6FIC, CO;6DFIC and FTAZ.
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Scheme 1 The synthetic routes for CO;6IC, CO;6FIC and CO;6DFIC.

The absorption spectra for CO;6IC, CO;6FIC, CO;6DFIC and
FTAZ in chloroform and as films are shown in Fig. S15 (ESIt)
and Fig. 2, respectively. In solution, CO;6IC, CO;6FIC and
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Fig. 2 Absorption spectra for CO;6IC, CO,6FIC, CO;6DFIC and FTAZ films.

CO;6DFIC show a strong intramolecular charge transfer (ICT)
band at 600-850 nm, with a low-energy peak at 755 nm, 764 nm
and 769 nm, respectively, and a shoulder absorption at 697 nm,
701 nm and 702 nm, respectively (Table 1). For films, the
absorption show bathochromic shifts and the shoulder absorp-
tion intensifies. From solution to film, the redshifts for the
low-energy peaks of CO;61C, CO;6FIC and CO;6DFIC are 40 nm,
51 nm and 55 nm, respectively, suggesting that the fluorination
on IC unit enhanced the intermolecular interaction. The optical
bandgaps (Eg™) estimated from the absorption onsets of CO;6IC,
CO;6FIC and CO;6DFIC films are 1.37 €V, 1.34 eV and 1.31 €V,
respectively. Small EgP* suggests strong electron-donating capability
of CO6 unit."> Fluorine atoms enhance electron-withdrawing
capability of the end units and strengthen the ICT, leading to a
bandgap shrink. FTAZ film absorbs 350-650 nm light, which is
complementary to CO;6 acceptors (600-950 nm). The energy levels
estimated from CV measurements are shown in Fig. 3."* The
highest occupied molecular orbital (HOMO) levels for CO;6IC,
CO;6FIC and CO;6DFIC are —5.57 eV, —5.60 eV and —5.64 €V,
respectively, and the lowest unoccupied molecular orbital (LUMO)
levels are —3.86 eV, —3.93 €V and —4.04 eV, respectively. Fluorine
atoms lower both HOMO and LUMO levels, but they lower LUMO
more. The donor FTAZ exhibits a HOMO at —5.36 €V and a LUMO
at —3.05 eV.

Bulk heterojunction solar cells with a structure of ITO/ZnO/
FTAZ:acceptor/MoOz/Ag were fabricated to evaluate the per-
formance of CO;6 acceptors.'® The optimized conditions for
FTAZ:CO;61C, FTAZ:CO;6FIC and FTAZ:CO;6DFIC solar cells are
the same: a D/A ratio of 1:1.6 (w/w), an active layer thickness of
~85 nm and 0.2 vol% 1,8-diiodooctane (DIO) as the additive
(Tables S1-S9, ESIY). J-V curves and external quantum effici-
ency (EQE) spectra for the best cells are shown in Fig. 4, and the
performance data are listed in Table 2. Fluorine substitution
can significantly affect the performance of CO;6 acceptors. The
open-circuit voltages (V,.) for CO;6IC, CO;6FIC and CO;6DFIC
cells are 0.82 V, 0.75 V and 0.67 V, respectively. V,. decreasing
along with fluorine substitution is due to LUMO descending,
since V,. is proportional to (LUMO,cceptormHOMOgonor)."~ In
contrast, the short-circuit current densities (Js.) increase along
with fluorine substitution. Js. of 17.45 mA cm ™2, 19.38 mA cm 2
and 20.98 mA cm > were obtained from CO;6IC, CO;6FIC
and CO;6DFIC cells, respectively. With fluorine substitution,
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Table 1 Optical and electrochemical data for the acceptors
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Acceptors Asol [nmM] Afiim [nm] Jon [nm] EgPt? [eV] Eox [V] red [V] HOMO?’ [eV] LUMO’ [eV] Es? [eV]
CO;6IC 697, 755 722,795 903 1.37 0.77 —0.94 —5.57 —3.86 1.71
CO;6FIC 701, 764 739, 815 927 1.34 0.80 —0.87 —5.60 —-3.93 1.67
CO;6DFIC 702, 769 749, 824 945 1.31 0.84 —0.76 —5.64 —4.04 1.60
@ E9P* = 1240/ Jon. ” HOMO = —(E92 + 4.8). © LUMO = —(Eoy + 4.8). ¢ E° = LUMO — HOMO.
Table 2 Performance data for the solar cells
g -3'86 '3.93 _4 04
O, =41 - D:A Voe [V]  Jee[mAcem™2]  FF[%]  PCE [%]
%)
o) ) (6] E FTAZ:CO;6IC 0.82 17.45 (16.93)"  59.0 8.43 (8.35)°
> o i & FTAZ:CO;6FIC 0.75 19.38 (19.27)  62.6 9.12 (9.02)
54 13) o ©, FTAZ:CO;6DFIC  0.67 20.98 (20.39)  58.9 8.25 (8.11)
> (8] (o]
—
o < “ The data in the parentheses are integrated current density from EQE
L spectra. ” The data in the parentheses are averages for 10 cells.
5 -5.57 -5.60 -5.64

Fig. 3 Energy level diagram.
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Fig. 4 J-V curves (a) and EQE spectra (b) for the solar cells.

the EQE spectra broaden and intensify (Fig. 4b). The
broadening of EQE spectra results from the enhanced light-
harvesting capability of the acceptors, while enhanced EQE
might result from the improved charge generation and trans-
port in the active layer. The integrated photocurrent densities
from EQE spectra are consistent with Ji. from j-V measure-
ments (Table 2). The fill factors (FF) for CO;6IC, CO;6FIC and
CO;6DFIC cells are 59.0%, 62.6% and 58.9%, respectively.
CO;6FIC solar cells gave the highest PCE of 9.12%.

702 | Mater. Chem. Front., 2018, 2, 700-703

To understand the fluorination effect on the photovoltaic
performance of CO;6 acceptors, we first studied the exciton dis-
sociation probabilities (Py;ss) in different cells (Fig. 5a)."® Paiss
for CO;6IC, CO;6FIC and CO;6DFIC cells are 90.4%, 94.1% and
93.9%, respectively. Higher Pg;ss for CO;6FIC and CO;6DFIC cells
indicate that fluorination favors the generation of free charge
carriers. This explains the higher EQE and j;. of CO;6FIC and
CO;6DFIC cells than that of CO;6IC cells. We studied bimolecular
recombination by plotting /. against light intensity (Piigne) (Fig. 5b)."”
The data were fitted to a power law: J,. oC Pfigh¢. The o values for
CO;6IC, CO;6FIC and CO;6DFIC cells are 0.978, 0.987 and 0.983,
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Fig. 5 (a) Jon—Vesr plots; (b) Jsc—Piigne plots.
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respectively, suggesting that solar cells using fluorinated accep-
tors have less charge recombination. Charge carrier mobilities
were evaluated by using space charge limited current (SCLC)
method (Fig. S17 and $18, ESIt).'® Compared with FTAZ:CO;6IC
blend film, the hole and electron mobilities (u, and u.) simul-
taneously got improved in FTAZ:CO;6FIC and FTAZ:CO;6DFIC blend
films (Table S10, ESIf). FTAZ:CO6FIC film shows the highest uy,
and peof 1.45 x 10" *em? V' s ' and 2.07 x 10 " em?V ' s,
respectively. FTAZ:CO;6FIC film presents the most balanced
charge carrier transport, thus delivering the highest FF.

Film morphology was studied by using atomic force micro-
scope (AFM) (Fig. S19, ESIt). FTAZ:CO;6FIC blend film gives the
smoothest surface among the three films. The root-mean-square
roughnesses for FTAZ:CO;6IC, FTAZ:CO;6FIC and FTAZ:CO;6DFIC
films are 2.33 nm, 0.94 nm and 1.87 nm, respectively. FTAZ:CO;6FIC
blend film presents the finest nanofibers with diameters around
12 nm. With appropriate fluorination at the end units of the
acceptor, the donor and acceptor materials can present a
suitable miscibility and can make ideal nanoscale phase
separation for efficient charge generation and transport, thus
delivering optimal photovoltaic performance.

Conclusions

In summary, a CO-bridged hexacyclic core unit (CO;6) and three
A-D-A nonfullerene acceptors were developed. Owing to the strong
electron-donating capability of CO;6, these acceptors present
narrow optical bandgaps and good NIR absorption. The energy
levels, light absorption, mobilities, and the miscibility between
donor and acceptor materials can be tuned via fluorination. Solar
cells based on a wide-bandgap polymer donor (FTAZ) and CO;6
acceptors gave decent PCEs, and FTAZ:CO;6FIC cells delivered the
highest PCE of 9.12%. This work also demonstrates the great
potential of CO-bridged low-bandgap nonfullerene acceptors.
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