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§Department of Polymer Science and Engineering, University of MassachusettsAmherst, 120 
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||Materials Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, 
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ABSTRACT: The unidirectional extension of a
smaller fused-ring system into a larger one in a
single  direction  will  increase  the  conjugation
length, allowing a fine-tuning of electronic
properties. Here, we designed and synthesized a
unidirectionally  extended  fused-8-ring-based
nonfullerene  acceptor,  AOIC,  and  a  bidirec-
tionally extended fused-11-ring electron acceptor,
IUIC2, and compared these with the parent fused-
5-ring  electron  acceptor,  F5IC.  They  share  the
same electron-accepting groups and alkylphenyl
side chains but have different fused-ring electron-
donating units. Core extension from 5 to 11 rings
up-shifts  the  energy  levels,  red  shifts  the
absorption spectra,  and reduces bandgaps. The
unidirectionally extended AOIC has the highest
mobility (2.1 × 10−3 cm2 V−1 s−1) relative to the parent F5IC (1.0 × 10−3 cm2 V−1 s−1) and the
bidirectionally extended IUIC2 (4.7 × 10−4 cm2 V−1 s−1). Upon blending with the donor PTB7-Th,
AOIC-based organic photovoltaic cells show an efficiency of 13.7%, much better than that of
F5IC-based cells (5.61%) and IUIC2-based cells (4.48%).

■ INTRODUCTION
Organic   solar   cells   (OSCs)   present   some
attractive merits,
such  as  being  lightweight,  transparent,  and
flexible, and have received extensive attention
in the last two decades.1−4 Fullerenes and their
derivatives have been the “workhorse”
electron  acceptors  in  OSCs,  but  the  limited
variability  of  energy levels, poor absorption in
the  visible  region,  and  the  instability  of  the
morphology5,6 have  limited  the  efficiencies
achievable.  Nonfullerene  acceptors,  on  the
other  hand,  have  opened  a  wealth  of
opportunities  thanks  to  new  chemistries  that
have  led  to  devices  with  exceptional
efficiencies and have
received  increasing  attention  over  the  past

several years.7−17 Since  Zhan and co-workers
pioneered fused-ring  electron

acceptors  (FREAs)  with  the  synthesis  of
landmark molecule ITIC in 2015,18 nonfullerene-
based  OSCs  have  continually  broken  power
conversion  efficiency  (PCE)  records,  which
increased from <7% to >16% for single-junction
cells19−26 and  even  up  to  >17%  for  tandem
cells.27 FREAs consist of a rigid
aromatic fused-ring core substituted with aryl
and/or alkyl side  chains,   coupled   with  two
strong   electron-accepting
groups.28−51 For the electron-donating fused-ring
cores, most efforts have focused on modifying
the indacenodithiophene



(IDT) unit, for example, replacing the central
phenyl  ring  with  naphthalene30 or  a
thienothiophene ring31 or replacing peripheral
thiophene units with fused thiophene units.52,53

Most  IDT-based  larger  fused-ring  cores  are
synthesized  by  extending  IDT  from  both
sides,54,55 which restricts the precise tuning of
energy levels, absorption, and the molecular
packing of the molecules.

Here  we  demonstrate  a  unidirectional
extension strategy to synthesize larger fused-
ring  cores.  Unidirectional  extension  is  the
extension of a smaller fused-ring system into
a larger fused-  ring system in only one
direction. The unidirectional extension
increases the conjugation length in a smaller
stepwise  manner  relative to the bidirectional
extension, allowing a fine-tuning of  the
electronic  properties  of  the  molecules.
Moreover,  the  unidirectional  extension  may
generate an asymmetric molec- ular structure
that  can  increase  the  molecular  dipole
moment  and  dielectric  constant,  thereby
reducing  the  exciton  binding  energy.56

Furthermore,  the  bidirectional  extension
usually  requires a Stille coupling reaction
involving toxic organotin



reagents.  Consequently,  we  designed  and
synthesized  a  new  fused-octacyclic  building
block  by  the  unidirectional extension  of  IDT
with a single diarylcyclopentadienylthieno[3,2-
b]-  thiophene,  with which a new FREA,  AOIC,
was  synthesized  (Scheme 1). We also
designed and synthesized a new fused-

Scheme 1. Chemical Structures of F5IC,
AOIC, IUIC2, and PTB7-Th

undecacyclic  building  block by a  bidirectional
extension  of  IDT  with double
diarylcyclopentadienylthieno[3,2-b]-
thiophenes,  with  which  another  new  FREA,
IUIC2,  was  synthesized  (Scheme  1).  We
compare AOIC and IUIC2 with the IDT parent
FREA, F5IC, reported in our previous work.52

These three compounds have cores of different
sizes  but  the  same  end  groups,  3-(1,1-
dicyanomethylene)-5,6-difluoro-1-  indanone
(2FIC).36 From F5IC to  AOIC  and  IUIC2,   the
core  size  increases  from  a  fused-5-ring  to  a
fused-11-ring

system,  the  energy  levels  shift  up,  the
absorption spectra red shift, and the band gaps
decrease.  The  OSCs  based  on  AOIC  blended
with a classical polymer donor PTB7-Th57 have
a PCE of 13.7%, much better than that of the
F5IC- (5.61%) and IUIC2-based devices (4.48%)
and  among  the  highest  values  for  PTB7-Th-
based OSCs.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. AOIC and 
IUIC2 were

synthesized as  shown in  Scheme 2 and  fully
characterized  (Supporting  Information).  Here,
we  carried  out  the  nontoxic  Negishi  coupling
reaction  to  synthesize  unidirectional  and
bidirectional extended fused-ring cores (AO and
IU2), as opposed to the often-used Stille cross
coupling  with  toxic  organotin  reagents.  The
Pd-catalyzed Negishi coupling reaction of ethyl
2-bromothieno[3,2-b]thiophene-3-carboxy-  late
(TT-AB,  1.0  equiv)  with  IDT-ZnCl,  which  was
generated through the reaction of an IDT single
lithium reagent  with  ZnCl2,  afforded  the  new
intermediate  IDT-1TT.  Bidirection-  ally
extended counterpart IDT-2TT was synthesized
through the same reaction of TT-AB (2.5 equiv)
with IDT-2ZnCl, which was generated through
the reaction of an IDT double lithium reagent
with ZnCl2. Reaction between IDT-1TT/IDT- 2TT
and  Grignard  reagent  4-hexylphenyl-1-
magnesium  bro-  mide  followed  by
intramolecular annulation via acid-mediated
Friedel−Crafts reaction afforded AO/IU2. The
formylation of  AO/IU2 through lithiation and
then quenching with dimethyl-
formamide  (DMF)  yielded  aldehyde
AO-CHO/IU2-CHO.  Knoevenagel condensation
between AO-CHO/IU2-CHO and  2FIC  yielded
AOIC/IUIC2.  Overall  yields  of  AOIC  and  IUIC2
were 26.7 and 15.3%, respectively.  AOIC and
IUIC2  exhibit   good   thermal   stability   with
decomposition temper-

Scheme 2. Synthesis Routes of AOIC and IUIC2
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Figure 1. (a) Absorption spectra of F5IC, AOIC, and IUIC2 in thin films. (b) Cyclic voltammograms for F5IC, AOIC, 
and IUIC2 in CH3CN/0.1 M [Bu4N]+[PF6]− at 100 mV s−1, in which the horizontal scale refers to an Ag/AgCl 
electrode as a reference electrode.

Table 1. Basic Properties of F5IC, AOIC, and IUIC2

λmax (nm)

compound Td (°C) solution film Eg (eV) ε (M−1 cm−1) HOMO (eV) LUMO (eV)

F5IC 34
4

666 69
4

1.64 2.0 × 105 −5.8
2

−4.0
5

9.6 ± 0.8 
(10)

AOIC 33
4

758 81
1

1.39 2.0 × 105 −5.5
0

−3.9
3

20 ± 1 
(21)

IUIC2 37
0

806 86
5

1.25 2.0 × 105 −5.3
2

−3.8
6

3.9 ± 0.6 
(4.7)

aAverage values with standard deviation were obtained from over 10 devices, and the best
values are in parentheses.

Table 2. Performance of the Optimized OSC Devices Based on PTB7-Th:Acceptor

mobility (10−4 cm2 V−1 s−1)b

acceptor VOC (V)a JSC (mA 
cm−2)a

FFa PCEa (%)
calcd JSC

(mA 
cm−2)

Eloss

(eV)
μh μe μh/μe IQE

(%)
F5IC 0.641 ± 
0.003

13.43 ± 
0.61

0.621 ± 
0.011

5.31 ±
0.23

13.14 1.00 4.2 ± 0.5 2.1 ± 0.6 1.6 85

(0.642) (13.89) (0.630) (5.61) (4.8) (3.0)
AOIC 0.742 ± 
0.002

(0.744)

24.32 ± 
0.51

(24.51)

0.743 ± 
0.008

(0.750)

13.3 ±
0.2

(13.7)

24.34 0.65 27 ± 1 
(29)

23 ± 2 
(27)

1.1 90

IUIC2 0.758 ± 
0.005

10.77 ± 
0.89

0.515 ± 
0.019

4.06 ±
0.41

11.36 0.49 5.8 ± 1.0 0.14 ± 
0.01

39.4 40

(0.762) (11.03) (0.533) (4.48) (7.1) (0.18)
aAverage values with standard deviations were obtained from over 20 devices. The values in parentheses are 
the parameters of the best device.
bAverage values with standard deviation were obtained from over 10 devices, and the best values are in 
parentheses.

atures (Td) of 334 and 370 °C, respectively, as
measured  by  thermogravimetric  analysis  in
nitrogen (Figure S1).

The  optical  absorption  of  solutions  of  F5IC,
AOIC,  and IUIC2 in chloroform (10−6 M) and in
film was measured (Figures S2a and 1a). F5IC,
AOIC,  and  IUIC2  in  solution  show  maximum
absorption  peaks  at  666,  758,  and  806  nm,
respectively,  with  a  similar  molar  absorption
coefficient of 2.0
× 105 M−1 cm−1 (Table 1). F5IC, AOIC, and
IUIC2 in thin
films  show  red-shifted  absorption  maxima
(relative to those in
solution)  at  694,  811,  and  865  nm,
respectively. Compared  to  F5IC, AOIC exhibits
markedly  red-shifted  absorption,  while  IUIC2
exhibits  further  red-shifted  absorption.
Estimated from  the  absorption  edge,  the
optical band gaps (Eg) of F5IC, AOIC, and IUIC2

are  1.64,  1.39,  and  1.25 eV,  respectively.  The
unidirectional  extension  of  the  fused-ring  core
red shifts absorption and reduces Eg in a smaller
step relative to the bidirectional extension.

The electrochemical properties of F5IC, AOIC,
and  IUIC2  were  determined  using  cyclic
voltammetry  (Figure  1b).  The  energy levels  of
the  lowest  unoccupied  molecular  orbitals
(LUMOs)  and  highest  occupied  molecular
orbitals  (HOMOs)  are  estimated  by  the  onset
reduction and oxidation potentials, respectively,
against ferrocenium/ferrocene (FeCp +/0). As the
number of fused rings increases from F5IC to
IUIC2, the
HOMO up-shifts from −5.82 to −5.32 eV, and the
LUMO up-



shifts from −4.05 to −3.86 eV (Figure S2b). In
comparison with the bidirectional extension of
the  fused-ring  core,  the  unidirectional
extension modulates the energy levels of the
FREAs more subtly.

Space charge limited current  (SCLC)58 was
used  to  measure  the  charge  mobilities  of
F5IC,  AOIC,  and  IUIC2  using  electron-only
devices with a structure of Al/F5IC, AOIC, or
IUIC2/Al in  Figure S3. The medium-size AOIC
shows better electron mobility (2.1 × 10−3 cm2

V−1 s−1) relative to that of F5IC (1.0 × 10−3 cm2

V−1 s−1) and IUIC2 (4.7 × 10−4  cm2  
V−1 s−1).

Photovoltaic Properties.  OSC devices with a
structure  of  indium tin  oxide  (ITO)/ZnO/PFN-
Br59/PTB7-Th:acceptor/  MoOx/Ag  were
fabricated  using  PTB7-Th  as  the  donor  and
F5IC, AOIC, or IUIC2 as the acceptor.  Tables
S1 and S2 summarize the optimization details
of donor/acceptor  weight ratios (D/A) and the
volume  contents  of  1,8-diiodooctane  (DIO).
The  optimized  cells  based  on  PTB7-Th:AOIC
have an
open-circuit  voltage (VOC)  of 0.744 V,  a high
short-circuit current (JSC) of 24.51 mA cm−2, a
high fill factor (FF) of 0.750, and a champion
PCE of 13.7%. The optimized PTB7- Th:F5IC-
based  cells  have  a  VOC of  0.642  V,  a  JSC of
13.89  mA cm−2, an FF of 0.630, and a PCE of
5.61%. The optimized  PTB7-Th:IUIC2-based
cells have a VOC of 0.762 V, a JSC of
11.03 mA cm−2, an FF of 0.533, and a PCE of 
4.48% (Table



 

Figure 2. (a) J−V curves and (b) EQE spectra of optimized devices based on PTB7-Th: F5IC, PTB7-Th:AOIC, and
PTB7-Th:IUIC2.

Figure 3. Two-dimensional GIWAXS diffraction images of (a) PTB7-Th:F5IC, (b) PTB7-Th:AOIC, and (c) PTB7-
Th:IUIC2 blend films. GIWAXS profiles of PTB7-Th:F5IC, PTB7-Th:AOIC, and PTB7-Th:IUIC2 blend films in the (d)
in-plane direction and (e) out-of-plane direction. (f) RSoXS profiles of PTB7-Th:F5IC, PTB7-Th:AOIC, and PTB7-
Th:IUIC2 blend films.

2). The VOC values of the OSCs increase with
the extension of  the  fused-ring  core  of  the
acceptor, benefiting from the up- shifted LUMO
level of  the acceptor.  The  JSC,  FF,  and PCE of
AOIC-based cells are obviously higher than
those of F5IC- and IUIC2-based cells.

The external quantum efficiency (EQE) of the
best devices

based on F5IC, AOIC, and IUIC2 shows maxima
of 68% from 300 to 800 nm, 81% from 300 to
900  nm,  and  32%  from  300  to  950  nm,
respectively  (Figure  2b).  The  JSC determined
from  the EQE spectra with an AM 1.5G
reference spectrum is close
to that measured from J−V curves (Table 2).

The  charge  generation/extraction  properties
were  inves-tigated  by  measuring  the  photocurrentdensity (J ) under

show  the  best  charge  extraction  efficiency,
which would benefit
JSC and FF.

We investigated the carrier recombination in
the photoactive layers of the best devices from
the  relationship  of  VOC or  JSC with  the  light
intensity (Plight) (Figure S4b,c). The relationship
of VOC to Plight is expressed by VOC ∝ ln Plight. The
slopes of F5IC-, AOIC- and IUIC2-based devices
are 1.22 (1.07 ± 0.12 from 10 devices) kBT/e,
0.92 (0.85 ± 0.05 from 10 devices)
kBT/e, and 1.86 (1.68 ± 0.15 from 10 devices)
kBT/e (kB, Boltzmann constant;  T, temperature;
e, elementary charge).  In  the F5IC- and AOIC-
based  devices,  bimolecular  recombina-  tion
dominates,  while  monomolecular
recombination  domi-  nates in the IUIC2-based
devices. The relationship of JSC to

ph

different  effective  voltages  (Veff)  (Figure  S4a).
At a high Veff of

>2.2 V, Jph approaches saturation (Jsat), indicating
that  photogenerated  excitons  are  completely
dissociated and the electrodes collect almost all



of the free charge carriers. The Jph/ Jsat values of
the cells based on F5IC, AOIC,  and IUIC2 are
93.1, 95.2, and 81.5%, respectively. The AOIC-
based devices

Plight is  described by  JSC ∝  Plight
α,  where  α  ≈  1

implies little carrier recombination in the cells.
The α values in F5IC- and
AOIC-based blend  films are both 0.95 (0.94  ±
0.01 from 10 devices), which means that there
is  a  slight  bimolecular  recombination,  while
IUIC2-based devices exhibit  α  of 0.88 (0.86  ±
0.02 from 10 devices), suggesting much more
carrier recombination, which is responsible for
lower JSC and FF.



  

Figure 4. EL spectra of the OSCs based on (a) PTB7-Th, F5IC, AOIC, and IUIC2 and (b) PTB7-Th:F5IC, PTB7-
Th:AOIC, and PTB7- Th:IUIC2 blend films.

We further employed SCLC to investigate the
charge  transport  in  the  photoactive  layers
(Figure  S5).  The  PTB7-  Th:AOIC  blend  shows
the highest hole mobility (μh) of 2.9 × 10−3  cm2

V−1  s−1  and the highest electron mobility (μe) of
2.7
×  10−3 cm2 V−1 s−1,  and  the  hole/electron
charge  transport  is  well  balanced   (μh/μe =
1.1),  which is  favorable  for efficient
charge  extraction  and  suppressing  the
bimolecular recombina- tion, giving rise to the
high JSC and FF (Table 2). The PTB7-
Th:IUIC2 blend shows the  lowest  μe of  1.8  ×
10−5 cm2 V−1 s−1, and the hole/electron charge
transport is unbalanced (μh/ μe = 39.4), which
is unfavorable for charge extraction and
causes carrier recombination, giving rise to the
low JSC and FF. The PTB7-Th:F5IC blend shows
medium  μh and  μe with  balanced charge
transport (μh/μe = 1.6), leading to medium JSC

and FF
Furthermore, we investigated the stability of

the devices based   on   PTB7-Th:F5IC,   PTB7-
Th:AOIC,   and PTB7-
Th:IUIC2  blends  (Figure  S6).  The  PCEs   of
devices  based  on  the  three  blends  retained
over  90%  of  their  original  values  under  AM
1.5G illumination at 100 mW cm−2 for 180 min.
The PCEs of devices based on F5IC, AOIC, and
IUIC2 retained 73, 63, and 54% of their original
values, respectively,
under heating at 100 °C for 180 min.

Film Morphology.  The surface  morphologies
of  the PTB7-Th:F5IC-,    PTB7-Th:AOIC-,    and
PTB7-Th:IUIC2-
based  active  layers  were  investigated  by
atomic  force microscopy (AFM). From the AFM
height images, the blends of PTB7-Th:F5IC and
PTB7-Th:AOIC are much smoother
with root-mean-square roughness (Rq) values of
2.6 and 1.5 nm, respectively,  relative to  that
of PTB7-Th:IUIC2 (Rq   ≈
15.0  nm)  (Figure  S7a−c).  Moreover,  fibrillar
structures are
observed from the phase images of PTB7-
Th:F5IC and PTB7-  Th:AOIC  films  (Figure
S7d−f), which is beneficial to charge transport
in the OSCs.

Grazing-incidence  wide-angle  X-ray
scattering  (GIWAXS)  was  used  to  investigate
the  molecular  orientation  and  packing  of  the
neat and blended films containing PTB7-Th and
different  acceptors.  Two-dimensional  GIWAXS

diffraction  profiles and linear cuts of the
profiles are shown in Figures
3a−e and S8. PTB7-Th shows a sharp in-plane
(100) peak at
0.29 Å−1 and an out-of-plane (010) π−π packing
peak at 1.66 Å−1, reflecting the preferable face-
on orientation. IUIC2 shows  an  intense  (100)
peak at 0.34 Å−1 and a (200) peak at 0.68 Å−1 in
the in-plane direction as well as a strong (010)
peak at  1.82 Å−1 in the  out-of-plane direction,
indicative  of  face-on  orientation and a high
degree of crystallinity. AOIC shows a
(100) peak at 0.36 Å−1  in the in-plane direction
and a (010) peak at 1.75 Å−1 in the out-of-plane
direction. F5IC shows a



peak at 0.38 Å−1 in the in-plane direction and a
(010) peak at
1.50  Å−1 in  the  out-of-plane  direction.  Both
AOIC and F5IC show  a  lower   crystallinity
than  IUIC2  (Table  S3).  F5IC is
isotropic with no preferred orientation. AOIC
and IUIC2 show  face-on  and  edge-on
orientations  in  the  neat  films.  In  the  PTB7-
Th:F5IC blend film, the in-plane (100) peak
and the
out-of-plane (010) peak of PTB7-Th remain at
0.29 and 1.66 Å−1, respectively. The diffraction
peaks  of  PTB7-Th  are  also  seen  in  the
diffraction  profiles  of  the  PTB7-Th:AOIC  and
PTB7-Th:IUIC2  blend  films,  while  the  (100)
diffraction peaks
of the acceptors in the in-plane direction are
sharper.  The out-  of-plane  (010)  diffraction
peaks  of  PTB7-Th:F5IC,  PTB7-  Th:AOIC,  and
PTB7-Th:IUIC2 blend films are 1.66, 1.83, and
1.75 Å−1, respectively (d = 3.79, 3.43, and
3.59 Å). The smaller π−π stacking distance in
the  PTB7-Th:AOIC  blend  film  is  beneficial  to
charge  transport.  Thus,  the  fused-8-ring
acceptor yields a suitable crystal size and a
closer π−π stacking distance  when blended
with PTB7-Th, leading to the high performance
of PTB7-Th:AOIC devices.

Resonant  soft  X-ray scattering  (R-SoXS)  at
the  carbon  edge  (284.2  eV)  was  used  to
assess the phase separation of PTB7- Th:F5IC,
PTB7-Th:AOIC, and PTB7-Th:IUIC2 blend films.
The scattering profiles are shown in Figure 3f.
The domain size  of  the  mixture  can  be
estimated from the correlation length and the
volume  fractions  of  the  components.  The
average  domain  sizes  of  PTB7-Th:F5IC  and
PTB7-Th:AOIC  blend  films are 40 and 39 nm,
respectively.  PTB7-Th:IUIC2  blend  films show
two peaks in  the  R-SoXS profiles,  indicating
two different domain sizes of 108 and 45 nm.
The relatively larger domain size arises from
the strong aggregation tendency of IUIC2. The
results are consistent with the AFM phase
images.  All  three  blends  have  domain  sizes
that are appropriate for exciton dissociation.

Voltage   Loss.   The   VOC  of   the   OSCs
increases  with

increasing size of the fused-ring structure in
the acceptor.  The lowest VOC is obtained from
F5IC,  and  the  highest  VOC is  obtained  from
IUIC2.  This  is  unexpected because  F5IC  has
the  largest  Eg,  whereas  the  Eg of  IUIC2  is
significantly smaller (Table 1). The difference
in  Eg is  also  observed  in  the
electroluminescence   (EL)  spectra  of   the
OSCs based  on the
pure acceptors and PTB7-Th. As shown in
Figure 4a, the peak of the EL spectrum of the
devices based on pure F5IC is ∼1.60  eV,
which  is  significantly  blue-shifted  in
comparison to that of
the OSCs based on AOIC (1.35 eV) or  IUIC2
(1.22  eV).  This  suggests that F5IC has the
highest Eg, whereas the Eg of IUIC2  is  the
smallest.

To investigate the origins of the different
VOC’s in the OSCs  based on different

acceptors, we also measured the EL of the



OSCs  with  blend  active  layers,  which  is
expected to be  red-  shifted, in comparison to
the EL spectra of the OSCs based on the pure
donor  or  acceptor  materials.  This  is  because
the  charge  transfer  (CT)  emission,  related  to
the electronic structure at the D/A interface, is
often dominant in the EL of bulk-heterojunction
OSCs, and the CT emission energy  is normally
lower than that of the pure phase emission.60,61

Indeed, the peaks of the EL spectra are at the
same position for  all  of  the  OSCs  based  on
different  acceptors  (Figure 4b),  suggesting  a
similar energy of the CT state (ECT) for all of the
OSCs. Therefore, we conclude that the CT state
is not the reason for the different VOC.

Because ECT’s of the OSCs are similar, the
difference in VOC of the OSCs must arise from
the  different  degrees  of  charge  carrier
recombination  losses.  Using  the  detailed
balance theory  (Supporting Information), the
total losses due to charge carrier
recombination are calculated to be 0.58, 0.48,
and 0.46 eV  for  the  F5IC-,  AOIC-,  and  IUIC2-
based OSCs, respectively. The total loss due to
charge  carrier  recombination  consists  of
radiative recombination losses and
nonradiative recombination  losses.  The
nonradiative  recombination losses are related
to the electroluminescence quantum efficiency
(EQEEL).62 There-  fore,  to  assess  the  origin  of
the different recombination losses, the EQEEL of
the  OSCs  based  on  the  different  acceptors
were measured using low injection currents.

As  shown in  Figure  S9a,  EQEEL of  the  OSC
based  on F5IC  is  the  lowest,  with  a
nonradiative recombination loss  value  close to
0.37 eV (Figure S9b), while for the OSCs based
on  AOIC  and  IUIC2  the  nonradiative
recombination loss terms are slightly less than
0.3 eV.  Therefore,  the EQEEL measure-  ments
confirm that the VOC of the OSC based on F5IC
is  significantly  limited  by  nonradiative
recombination losses  of  charge carriers. From
the EQEEL,  we can also see that  nonradiative
recombination  losses  at  a  lower  injection
current (relevant to VOC analysis because at VOC

the device current is zero) are smaller in the
OSC based on IUIC2, in comparison to that in
the AOIC-based OSC. Therefore, the  VOC of the
OSC based on IUIC2 is the highest. Hence, we
conclude that for the OSCs based on the FREAs,
ECT does  not  depend  on  the  fused-ring  core
size,  but  recombination  losses,  especially
nonradiative  recombination  losses  of  charge
carriers,  decrease  with  increasing  number  of
fused rings of the acceptor molecule, leading to
a reduced energy loss (Eloss) and an increased
VOC (Table 2).

Quantum   Efficiency.   To  determine  how
the increasing

number of fused rings in the acceptor molecule
influences the JSC of the OSC, we first measured
the dielectric functions of the BHJ active layers
based on the different acceptors (Figure S10).
The extinction coefficients of the active layers
are  clearly  different. The F5IC-based BHJ has

the strongest but narrowest absorption, and the
IUIC2-based BHJ has the weakest  but  broadest
absorption.  Because  JSC is  determined  by  both
the  absorption  strength  and  the  spectral
coverage, it is difficult to determine whether the
difference  in  JSC of  the  OSCs  based  on  the
different acceptors is a result of different active
layer  absorption  strengths  or  is  related  to  the
degree of quantum efficiency losses. Therefore,
transfer  matrix  modeling  (TMM)  was
performed,63 using the dielectric functions of the
materials used in the OSC stack, to simulate the
maximum achievable  JSC for the OSCs based on
the different acceptors with different  active
layer thicknesses. The TMM results suggest that,
in comparison to the JSC of the AOIC-based solar
cell,  the  lower  experimental JSC obtained from
the OSC based on F5IC can be



 

 

ascribed to less photon absorption due to the
narrower  absorption spectrum of the active
layer (Figure S11). However, the lower  JSC of
the IUIC2-based OSC, in comparison to that of
the other two OSCs, does not arise from the
active layer absorption. In fact, because of the
broader absorption,  OSCs based on IUIC2 are
expected to have the highest JSC, at optimized
active layer thicknesses (150 nm). Therefore,
the difference between the  JSC’s for the OSCs
based on AOIC and IUIC2 must arise from the
different internal quantum efficiencies (IQEs).

In this work, IQE was calculated by taking
the ratio between the measured EQE and the
TMM simulated active  layer  absorption.63 For
the OSC based on F5IC, IQE of 85% is high
(Table 2), while IQE of the OSC based on AOIC
is even higher (90%). However,  for the OSC
based  on  IUIC2,  IQE  is  only  40%,  which
severely limits the JSC of the IUIC2-based OSC.

To  investigate  the  origin  of  the  different  
IQEs,  photo-

luminescence quenching measurements were
performed  using  the different acceptors
(Figure 5).61 For the OSCs based on

Figure 5. Photoluminescence of the organic layers
based on (a) PTB7-Th, F5IC, and PTB7-Th:F5IC, (b)
PTB7-Th, AOIC, and PTB7-Th:AOIC, and (c) PTB7-Th,
IUIC2, and PTB7-Th:IUIC2.

F5IC and AOIC, the acceptor emission is high
in the  pure  films but significantly suppressed
in  the  BHJ  active layers  (Figure  S12).
However,  for  the  OSC  based  on  IUIC2,  the
acceptor emission from the BHJ active layer is
comparable to that of the pure IUIC2 film. This
suggests that excitons in the BHJ active layer
based on IUIC2 are difficult to dissociate  and
therefore will minimally contribute to
photocurrent generation, thus limiting JSC.

We also performed time-resolved transient
photolumines-  cence (TRTPL)  and  observed
no difference in the fluorescence lifetimes of
the excitons in the active layers based on the
different acceptors (Figure S13). The exciton

dissociation efficiency depends  on the  degree
of D/A
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intermixing, exciton lifetime, and electronic
structure of the D/  A  interface.  Because  the
difference in the degree of D/A intermixing is
not significant and the exciton lifetime is
similar, the significant differences between the
exciton  dissociation  efficiencies of the OSCs
based on F5IC, AOIC, and IUIC2 are more than
likely  related  to  the  differences  in  the
electronic  structure of the D/A interface. The
similar ELs obtained from the BHJ and the pure
IUIC2 suggest that the energetic driving force
for an exciton to dissociate is very small, which
can  thus  limit  the  exciton  dissociation
efficiency and  JSC of the OSC based on IUIC2.
The small driving force for exciton splitting is
caused  by  improper  energy  levels  of  IUIC2
which are not  well  aligned with those of PTB7-
Th. These results prove that precise modulation
of the electronic properties of the acceptors is
essential  for  device  performance  and  the
unidirectional  extension  strategy  is  more
effective  than  the  bidirectional  extension in
terms of fine molecular structure tailoring and
the property modulation of organic materials.

Furthermore,  we  investigated  the  general
applicability of

AOIC with often-used polymer donors, such as
medium-band- gap donors PM664 (Eg = 1.80 eV)
and PM765 (Eg = 1.79 eV) and wide-band-gap
donor  J7166 (Eg =  1.96  eV)  (Table  S4).  The
champion cells based on these polymers yield
PCEs of
>10%,  demonstrating  the  good  suitability  of
AOIC for typical  polymer donors with a broad
scope from a wide band gap  to  medium and
low band gaps.

CONCLUSIONS
We designed and synthesized a unidirectionally
extended  FREA,  AOIC,  and  its  bidirectionally
extended  counterpart  IUIC2  by  the  nontoxic
Negishi cross coupling reaction  and  compared
these with their parent molecule F5IC. F5IC,
AOIC,  and  IUIC2  share  the  same  electron-
deficient terminal groups, 2FIC, and the same
side  substituent,  4-hexylphenyl,  but  have
different  fused-ring  electron-rich  cores.  From
the  fused-5-ring  F5IC  to  the  fused-11-ring
IUIC2,  elevated  energy  levels,  red-  shifted
absorption, and narrowed band gaps are
observed. The
OSCs based on AOIC with a fused-8-ring core
yield the  best  PCE of ∼13.7%, while the OSCs
based on F5IC with a fused-  5-ring  core  and
IUIC2  with  a  fused-11-ring  core  have  much
lower  PCEs  of  5.61  and  4.48%,  respectively.
From the  EL  spectra of OSCs based on the
different acceptors, we found
that  recombination  losses,  especially
nonradiative recombina-  tion losses of charge
carriers,  are  reduced  with  an  increasing
number of fused rings in the acceptor
molecule, accounting for  the  observed
differences  in  the  VOC’s  of  the  OSCs.
Furthermore, as the number of fused rings in
the  acceptor  molecule  increases,  the

absorption spectrum broadens,  enhancing  the
JSC.  However,  the  driving  force  for excitondissociation in the IUIC2-based OSC is too small,limiting the
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Experimental  details  and  additional
characterization, such as TGA, absorption
spectra in solution,  energy  levels, SCLC,
AFM, GIWAXS, EQE EL, TMM, TRTPL,
1H and 13C NMR spectra, and the
optimization of the
OSC devices (PDF)
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