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ABSTRACT: A series of A—n—D—n—A type nonfullerene acceptors (NFAs) was designed and synthesized with the goal of optimiz-
ing light absorption and energy losses in near-infrared (NIR) organic solar cells (OSCs) principally through the use of side chain
engineering. Specific molecules include p-101, 0-101, p-102, and 0-102 with optical bandgaps of 1.34 eV, 1.28 eV, 1.24 eV, and
1.20 eV, respectively. Manipulating the optoelectronic properties and intermolecular organization by substituting bulky phenylhexyl
(p-) for linear octyl chains (0-) and replacing bisalkoxy (-O2) with alkyl-alkoxy combination (-O1) allows one to target energy
bandgaps and achieve a favorable bulk heterojunction morphology when in the presence of the donor polymer PTB7-Th. Solar cells
based on 0-101 and PTB7-Th exhibit an optimal power conversion efficiency of 13.1%. The excellent photovoltaic performance
obtained with the 0-101 acceptor can be attributed to a short-circuit current of 26.3 mA cm2 and energy losses on the order of 0.54
eV. These results further highlight how side chain engineering is a straightforward strategy to tune the molecular design of n-type molecular
semiconductors, particularly in the context of near-infrared high efficiency organic photovoltaics.

Organic semiconductors are characterized by a broad struc-
tural diversity that allows fine tuning of optical bandgaps and
orbital energy levels, and the ability to be processed into thin,
light-weight, and flexible devices.'® Near-infrared (NIR) re-
sponsive organic semiconductors have the potential for integra-
tion into building windows, greenhouse rooftops, and automo-
bile glass as semitransparent energy generating modules,®® as
well as optical sensors for health monitoring, image sensing,
and night surveillance.'®2 Rational design of high performance
organic semiconductors with NIR absorption capabilities in
bulk heterojunction (BHJ) organic solar cells (OSCs) provides
interesting challenges,’*% and in particular how to best accom-
modate the inherent trade-off between the driving force for
charge separation and voltage loss in the device.'2° Careful
consideration must be given to the frontier molecular orbitals
and energetic offsets in the components of the BHJ blend to ef-
ficiently dissociate photo-generated excitons and achieve the
highest possible open-circuit voltage (Voc). 2%

Nonfullerene acceptors (NFAs) with NIR absorption for BHJ
blends have attracted recent interest.?426 They benefit from the
structural diversity offered by multiple combinations of ladder-
type central donor (electron rich) and acceptor (electron poor)
end groups; this feature has endowed acceptor—donor—acceptor
(A-D-A) type NFAs with narrow bandgap properties and pro-
vided energetics suitable for NIR solar cell fabrication.?-%
NFAs with ultra-narrow bandgap (UNBG) properties (defined
arbitrarily as E¢°™ < 1.3 eV) have also been successfully de-
signed.®% Of note is that the design of UNBG-NFAs has led

to short-circuit current densities (Jsc) of over 20 mA cm2 due
in part to a broad photoresponse in the NIR region. Incorporat-
ing n—bridge units to form an A-r—D-n—A configuration pro-
vides further opportunities to optimize intramolecular charge
transfer (ICT) characteristics, energy levels, and BHJ morphol-
ogy.337%° |t is also encouraging that driving energies for effi-
cient charge separation in NFA solar cells are smaller than em-
pirical 0.3 eV observed in fullerene-based OSCs,*** which is
advantageous to minimize energy losses from the difference be-
tween optical bandgap (E¢*™) and Voc of the solar cell device
(Eioss = Eg®™ - €Voc); this enables high photocurrents and high
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Figure 1. (a) Molecular structures of p-101, 0-101, p-102, and 0-102. Absorption spectra of (b) solution in chloroform and (c) thin

films.

voltage to be achieved simultaneously, particularly in UNBG
heterojunctions.223

In this contribution, we disclose a series of A—n—D—n—A type
NFAs with UNBG properties for use in NIR solar cell applica-
tions. Our molecular design includes structural variations
through side chain engineering for the purpose of tuning desir-
able properties. Consequently, p-101, 0-101, p-102, and 0-102
are constructed based on an indaceno[1,2-b:5,6-b']dithiophene
(IDT) central donor core (D), thienyl =—bridges (=), and 1,1-
dicyanomethylene-5,6-difluoro-3-indanone terminal acceptors
(A), see Figure 1. These molecules possess identical conju-
gated framework skeletons, but differ with respect to the solu-
bilizing side chains, specifically alkyl vs. alkoxy on the n—
bridges and octyl vs. 4-hexylphenyl on the D core. One finds
that replacing bulky hexylphenyl chains (p-102 and p-101) with
linear octyl chains (0-102 and 0-101) on the D core leads to
improved packing ability and decreases the optical bandgap. By
changing the number of alkoxy groups on the thienyl =—bridges,
one can modulate intramolecular charge transfer (ICT) charac-
teristics. Devices fabricated using the non-symmetric o-101,
which bears linear octyl chains on the IDT central core and alkyl
and alkoxy chains on the thienyl n—bridges, in combination with
the donor conjugated polymer PTB7-Th are able to achieve a

power conversion efficiency PCE of 13.1% with a short circuit
current (Jsc) of 26.3 mA cm2 and Ejess = 0.54 eV.

Synthetic routes for the preparations of p-101, 0-101, p-
102, and 0-102 are provided in Scheme 1. The key intermedi-
ates (44, 4b, 5a, and 5b) were synthesized by Stille coupling of

Table 1. Optical properties and estimates of frontier energy
levels of PTB7-Th, p-101, 0-101, p-102, and 0-102.

com- Afmax Afmax Egﬂpl HOMO LUMO
pound (nm)?  (nm)®  (eV)®  (eV)!  (eV)®
PTB7-Th - 705 1.58 -5.20 -3.46
p-101 766 815 1.34 —5.46 -4.13
0-101 790 850 1.28 —5.44 —4.15
p-102 808 880 1.24 —5.44 -4.19
0-102 835 920 1.20 -5.41 -4.21

3Absorption maximum in solution. !Absorption maximum in thin
film. “Optical bandgap calculated from the absorption edge of the
thin film. “HOMO energy level estimated from the oxidation on-
set. potential. ®LUMO energy level estimated from the potential of
the reduction onset.
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Scheme 1. Synthetic procedure for the preparations of p-102, 0-102, p-101, and 0-101.

NG

bis(stannyl) IDT (la or 1b) and monobromo thienyl n—bridges
with alkyl and alkoxy side chains (2 and 3). Knoevenagel con-
densation of dialdehyde precursors (4a, 4b, 5a, and 5b) with 1,1-
dicyanomethylene-5,6-difluoro-3-indanone afforded the target
NFAs: p-101, 0-101, p-102, and 0-102 in yields of >80%. All
new compounds and intermediates were characterized by con-
ventional methods (see Supporting Information, Figures
S1-S8).

The optical absorption spectra of p-102, p-101, 0-102, and o-
101 in dilute chloroform solutions are provided in Figure 1b.
One observes that the absorption maximum (Amax) red-shifts
gradually from 766 nm (p-101) to 790 nm (0-101) to 808 nm
(p-102), and then to 835 nm (0-102); the Amax red-shifts approx-
imately ~25 nm by replacing bulky phenylhexyl with linear oc-
tyl chains on D and ~45 nm by replacing alkyl with alkoxy
chains on 7, respectively. The molar extinction coefficient (emax)
of 0-101 was calculated to be 1.32 x 10° M cm™, which is
slightly larger than that of p-101 (1.20 x 10° M cm). A simi-
lar trend was observed with their analogues: 0-102 vs. p-102
(1.70 x 10° M cm? vs. 1.59 x 10° M? cm?). From the
UV-vis—NIR absorption spectra of NFAs as thin films shown
in Figure 1c and Figure S9, one observes absorption capabilities
in the range of 600—1050 nm, with the maxima located at 815,
850, 880, and 920 nm for p-101, 0-101, p-102, and 0-102, re-
spectively. The red-shifted wavelengths from solution to thin
films are approximately 49 nm, 60 nm, 72 nm, and 85 nm for p-
101, 0-101, p-102, and 0-102, respectively, leading to optical
bandgaps of 1.34 eV (p-101), 1.28 eV (0-101), 1.24 eV (p-102),
and 1.20 eV (0-102) as determined from the onset of film ab-
sorption according to the relationship E,' = 1240/Acgge. One
concludes from these comparative studies that incorporating
linear octyl instead of bulky phenylhexyl side chains leads to a
red-shifted Amax. FOr instance, compare the Jmax 0f 0-102 (920
nm) vs. p-102 (880 nm). Replacing alkoxy side chains with al-
kyl side chains at the thienyl —bridges leads to a blue-shifted
Amax (0-102 (920 nm) vs. 0-101 (850 nm)), most likely due to a
reduction in the electron density in the interior of the molecular
skeleton and concomitant weakening of the intramolecular
charge transfer (ICT). From a practical perspective, it is worth

noting the complementary absorption spectra and orbital energy
levels between the NFAs and PTB7-Th for achieving broad ab-
sorption of sunlight (Table 1). Highest occupied molecular or-
bital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels were estimated by using cyclic voltammetry
(Table 1), and their cyclic voltammograms are shown in Figure
S10. Altogether, the optical absorption and molecular orbital
level results provide the framework to appreciate the degree to
which permuting the side chains can be used to modulate the
optoelectronic properties built within this specific conjugated
ICT core.

Solar cells with the inverted device structure comprising
ITO/ZnO/PTB7-Th:NFA/MoOs/Ag were fabricated to investi-
gate photovoltaic performances. Multiple factors were taken
into consideration when optimizing performance, including
concentration and composition of photoactive layer materials,
spin-casting rate, and the use of a processing additive, see Sup-
porting Information. Best performances were achieved by using a
weight ratio of 1:1.5 for PTB7-Th:NFA (total 18 mg mL?) with
chlorobenzene (CB) as the main processing solvent and 1-
chloronaphthalene (CN) as a solvent additive. The photovoltaic
data of the best devices are listed in Table 2; optimization details
are described in the Supporting information, see Figure S11 and
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Figure 2. (a) J-V characteristics and (b) EQE spectra of the optimized solar cell devices under AM 1.5 G illumination at 100 mW
cm2, Plots of (C) Ejoss against EQEmax and (d) Eq against Voc in various OSCs with fullerene or nonfullerene acceptors.

Table S1. Figure 2a presents current density—voltage (J-V) char-
acteristics of the optimized solar cells prepared with CB:CN.
Although the optimum CN ratio ranges from 2 vol% to 3 vol%
(2 vol% for p-102, 0-101, 0-102 and 3 vol% for p-101, respec-
tively), each molecule shows the similar PCEs within the con-
ditions (Table S1). Optimized devices with p-101, 0-101, p-102,
and 0-102 showed maximum PCEs (PCEmx) of 10.8%, 13.1%,
10.8%, and 9.3% with Jsc values of 22.3 mA-cm2, 26.3 mA-cm 2,
23.0 mA-cm2, and 21.8 mA-cm?, respectively. Devices with p-
101, 0-101, p-102, and 0-102 show Voc values of 0.78 V, 0.74 V,

0.70 V, and 0.68 V, respectively, which follow expectations antic-
ipated by examination of the energy differences between the
LUMO of NFAs and the HOMO of PTB7-Th in Figure S10.

From the external quantum efficiencies (EQEs) of solar cells
provided in Figure 2b one observes that the devices exhibit broad
photoresponses ranging from 300 nm to 1000 nm, but reach EQE
values of ~80 % in the NIR region, in accordance with the absorp-
tion profiles of the active layer components. The Jsc integrated
from EQE curves agrees with the values obtained from the J-V
curves. Being aware of the challenge to achieve high EQEs and

Table 2. Photovoltaic performances of OSCs based on PTB7-Th and four NFAs measured under simulated 100 mW cm=2 AM 1.5G

illumination.

DEries” \(/\% (mAJ o (mCAaIériqS*CZ)b i PC%%XC(&VG) (%{73
PTB7-Thip-101 (0.773 s %.004) 2. 12923;31.38) 219 (0.6? . %.03) (10.3%1050.35) 0.56
PTB7-Th:0-101 (0.742 ';%.004) (25.3276£31.12) 24.1 (0.62 f Z).Ol) (12.5173£10.44) 0.54
PTBT7-Th:p-102 (0.702 ';%.010) (21.92933;00.86) 226 (0.62 . Z).Ol) (10.2%&80.38) 0.54
PTBT7-Th:0-102 (0.672(3) '¢6 %.004) (21.2%31£80.59) 20.0 (0.64(1) f 30.02) (9.149;0.17) 0.52

3pTB7-Th:acceptor blend ratios are 1:1.5 (w/w). 2—3 vol% CN was used as a processing solvent additive. ®Calculated by integrating the

EQE spectra. “The average PCE values were obtained from over 12 devices.

ACS Paragon Plus Environment

Page 4 of 9


https://onlinelibrary.wiley.com/doi/10.1002/aenm.201901740#aenm201901740-fig-0002

Page 50f 9

oNOYTULT D WN =

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

ACS Materials Letters

PTB7-Th:o-102

PTB7-Th:o-101

A\

04 00 04 08 12 16 20

Gy (A7)
(e) NFA ——PTB7-Th:0-102
10°4 ' ——PTB7-Th:p-102
——PTB7-Th:0-101
= ——PTB7-Th:p-101
@ 103 T
2>
2
§ 191
c
101
10’

Gy (A1)

(b) PTB7-Th:p-102

04 00 04 08 12 16 20

PTB7-Th:p-101

(f) 10°{——pTB7-Th:0102 — PTB7-Th:p-102
——PTB7-Th:0-101 —— PTB7-Th:p-101

1 ¢ ! PTB7-Th

1 2
q, (A1)

Intensity (a.u.)

Figure 3. 2D GIWAXS images of (a) PTB7-Th:0-102, (b) PTB7-Th:p-102, (c) PTB7-Th:0-101, and (d) PTB7-Th:p-101 blend films.
(e) In-plane and (f) out-of-plane line-cut profiles; solid lines and dotted lines indicate PTB7-Th and NFAs, respectively.

high Voc simultaneously in NIR OSCs, we provide in Figure 2¢c
a plot of EQEmax Vs. Eiess USing values reported in the literature
(see Supporting Information).

State-of-the-art nonfullerene solar cells have achieved Ejoss in
the range of 0.5-0.6 eV with high EQEs (>70%), whereas most
devices with PC7:BM exhibit E.s values larger than ~0.7 eV
(Figure 2c).*58 We demonstrated that low energy loss of 0.49
eV and high EQEmax of 78% can be achieved simultaneously in a
previous study.? In this work, the E,s of the optimized devices
is ranging from 0.52 eV to 0.56 eV. It should be noted that the
PTB7-Th:0-101 device exhibits an Ejess as low as 0.54 eV and
EQEmax of 85% with EQE responses over 80% from 700 nm to 840
nm. This indicates that an excellent compromise between exci-
ton dissociation/charge transfer and voltage loss was attained in
the PTB7-Th:0-101 device, thus leading to a PCE of 13.1% with a
Jsc 0f 26.3 mA-cm2 and a Voc of 0.74 V. Figure 2d summarizes
the correlation of eVoc with E4°" using literature values. The ma-
jority of the devices exhibit Ej.s of over 0.6 eV and only a few

cases with UNBG properties (Eg°" < 1.3 €V) have been demon-
strated. We have thus successfully developed UNBG-NFAs,
enabling low Ejess NIR organic solar cells.

To obtain insight into the self-assembly of the BHJ compo-
nents, grazing incidence wide-angle X-ray scattering
(GIWAXS) was employed on films of the pure components and
blends. Single component, p-101, 0-101, p-102, and 0-102, thin
films processed with CB were first measured. From the 2D
GIWAXS patterns (see Figure S12 in Supporting Information), one
observes that the octyl-substituted 0-101 and 0-102 crystallites ex-
hibit a preferential edge-on orientation relative to the substrate (Fig-
ures S6a and S6b), whereas the hexylphenyl-substituted p-102 ori-
ents face-on (Figures S6d). There is a larger number of diffraction
peaks with 0-102 compared to 0-101. This is probably because o-
102 with its symmetrical configuration has a higher tendency to
crystallize in highly ordered domains, at least relative to the
asymmetrical 0-101.324%%0 A similar tendency in crystallization
for the symmetric vs. asymmetric structures can be observed for
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Figure 4. TEM images of (a) PTB7-Th:p-101, (b) PTB7-
Th:o-101, (c) PTB7-Th:p-102, and (d) PTB7-Th:o-102
blend films processed with CB:CN.

p-102 and p-101. The p-101 film exhibits the weakest crystalliza-
tion tendency among the four components in this study, probably
as a result of the combination of the bulky alkylphenyl side chains
and the asymmetrical configuration. Processing with CN additive
encourages the four NFA molecules to be organized with face-
on orientations. Clear diffraction peaks along the out-of-plane
direction were observed for p-101, 0-101, p-102, and 0-102 with
n—7 stacking distances of 3.44 A, 342 A, 341 A and 3.40 A,
respectively. The slight contraction of packing distance is in ac-
cordance with the general crystallization features mentioned
above.

The 2D GIWAXS images of the PTB7-Th:NFA blends pro-
cessed with CN are shown in Figure 3. The crystallization pro-
pensity and molecular orientation of the blends with four NFAs
follow the trends observed in the neat NFA films processed with
CB:CN. The intensities of peaks around gxy = 0.325 A and
0. = 1.83 A assigned to the NFA lamella (d-spacing: 19.3 A)
and m—n stacking (d-spacing: 3.43 A), respectively, became
weaker from 0-102 to p-102 to 0-101 to p-101 (Figure 3e and
3f). Consequently, the PTB7-Th:0-102 blends are dominated
by the diffraction features of 0-102 crystallites, whereas p-101
in the blends are relatively featureless.

We also examined the CB:CN-processed PTB7-Th:NFA
blend films by using transmission electron microscopy (TEM).
From Figure 4, one observes that phase separation and domain
size become larger as the crystallization propensity of the mol-
ecules increases according to the order p-101 < 0-101 < p-102
< 0-102. Smallest apparent phase separation was observed in
the PTB7-Th:p-101 blend. PTB7-Th:0-101 retains well-mixed
phases with a slight increase in domain size. This indicates that
non-symmetrical molecules tend to favor intermixing with

PTB7-Th, thereby facilitating exciton dissociation. Highest de-
gree of phase separation is observed in the PTB7-Th:0-102
films (Figure 4d). It is possible to assign the dark grain-shape
aggregates to the o-102-rich phases by electron energy loss
spectroscopy (EELS) because only NFA molecules contain ni-
trogen atoms (see Figure S13). The higher crystallization pro-
pensity of the 0-102 molecules induced by symmetrical config-
uration®® and linear octyl side chains®®2 leads to growth of
larger aggregates growth. Photoluminescence (PL) quenching
tests were carried out to investigate charge transfer efficiency
(Figure S14). Since PTB7-Th (donor) and the NFAs lie in spec-
tral regions with sufficiently distinct wavelengths, they can be
individually excited (640 nm and 808 nm for PTB7-Th and ac-
ceptors, respectively). The PL quenching efficiency of PTB7-
Th:p-101 film is highest, whereas that of PTB7-Th:o-102 film
is lowest; PTB7-Th:0-101 and PTB7-Th:p-101 are in the mid-
dle of them. Despite a broader absorption spectrum, the EQE
responses of PTB7-Th:0-102-based device in the NIR region
were lower than those of the devices based on the other NFAs
(Figure 2b). This we attribute to the decreased interfacial area
in the PTB7-Th:0-102 blend, a less favorable situation for
charge generation.

In summary, we successfully synthesized a series of
A-n—D-n-A type UNBG-NFAs, featuring efficient NIR pho-
tovoltaic properties with low Ess. Modulating ICT effect by
side chain modification of UNBG-NFAs enables tailoring of
bandgaps and energetics, so as to optimize the energy diagram
with respect to polymer PTB7-Th and thus to achieve highest
possible Voc values. Combination of linear octyl-substitution
and non-symmetrical configuration in 0-101 yields ordered
crystallites and formation of suitable BHJ morphology with
PTB7-Th, leading to the large photocurrent generation of the
devices. Notably, the efficiency over 13% is one of the highest
PCEs for the devices featuring UNBG properties (E,°" < 1.3 eV).
The molecular design strategy described here has the potential
to be applied in the design of other electron acceptor materials.
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