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Comparison of Fused-Ring Electron Acceptors 
with One- and Multidimensional Conformations
Tengfei Li,∥ Langxuan Yang,∥ Yao Wu, Jiayu Wang, Boyu Jia, Qin Hu, 
Thomas P. Russell, and Xiaowei Zhan*

ABSTRACT: Three fused-ring electron acceptors (FXIC-1, FXIC-2, and FXIC-
3)  were  designed  and  synthesized.  This  FXIC  series  has
similar  electron-rich  central  units  and  the  same  electron-
poor  termini.  Due  to  the  different  steric  structures  of
fluorene,  bifluorenylidene,  and spirobifluorene,  FXIC-1 is  a
one-  dimensional (1D) crystal, while FXIC-2 and FXIC-3 are
multidimensional  (MD) amorphous materials. The
conformations of the FXIC series have a slight  impact  on
their  absorption  and  energy  levels.  FXIC-1  has  higher
electron  mobility  than  FXIC-2  and  FXIC-3.  When  blending
with different polymer donors (PTB7-Th, J71, and PM7), the
FXIC-1-based  organic  solar  cells  have  efficiencies higher
than those of the FXIC-2/FXIC-3-based cells. Meanwhile, the
ternary-blend cells based on PTB7-Th:F8IC with FXIC-1, FXIC-
2, and FXIC-3 show similar efficiencies, which are all better
than those of the binary-blend devices.
KEYWORDS: fused-ring electron acceptor, nonfullerene, organic photovoltaics, conformation, multiple
dimension

■ INTRODUCTION
As a potential approach for capitalizing on
solar energy, bulk
heterojunction organic solar cells (OSCs) have
gained  significant  interest  in  the  past  two
decades,1 since they can   be fabricated into
lightweight,  flexible,  semi-transparent, large-
area  modules  by  cost-effective  printing
processes.2−4 The  active  layer  of  OSCs
generally  contains  two  types  of  organic
semiconductor materials, electron donor and
acceptor. Full-
erene derivatives5 had once been the classical
electron  acceptor,  but  their  weak absorption,
limited  electronic  tunability,  and  poor
morphological  stability  limit  device
performance  improvement.  To  advance  this
field,  it  is  necessary  to  develop  nonfullerene
acceptors  that  may  solve  the  problems  of
fullerenes.6,7

Since the first report of ITIC8 in 2015, the
development of

fused-ring  electron  acceptors  (FREAs)  has
increased and  the  efficiency of  the OSCs has
continually increased.9−15 In the past five years,
a large number of efforts have focused on the
design  and  synthesis  of  new  FREAs  by
modulating the fused- ring cores,10,11,16−24 end-
capped  groups,25−29 and  side  chains,30−33  but
most  design  strategies  are  based  on  the

same one-dimensional (1D) linear skeletal
structures. There has been little effort towards

preventing the influence of steric constraints on
the performance of nonfullerene acceptors.23,34

However, the molecular conformation can
significantly affect the crystallinity and

molecular packing, exciton dissociation and
carrier transport in active layers, and finally
device performance.35 For instance, perylene

diimide (PDI) deriva-



tives, a class of widely used nonfullerene
acceptors, have a rigid  planar  structure  and
are  prone  to  aggregation,7 leading  to large
crystalline domains and macroscopic phase
separation in blend  films  with  insufficient
exciton  separation.  Numerous  studies  have
focused on controlling the crystallinity of the
PDI  while  maintaining  efficient  charge
transport;  for  example,  changing  the
molecular   conformation   from   1D   to
multidimensional
(MD)  has  proven  to  be  a  promising
strategy.6,36−39 In  FREA  materials,  1D  linear
skeletal structures facilitate the formation
of tight molecular packing and large
crystalline domains, which  is  beneficial  for
charge transport.  Meanwhile,  the side chains
above or below the skeletal plane can adjust
the  balance  between  solubility  and
crystallinity,  as  well  as  active-layer
morphology. Few reports, though, discuss the
fine-tuning  of  molecular  packing  and  phase
separation  using  different-  dimensional
FREAs.23,34

Herein, we designed and synthesized three
new  FREAs,  FXIC-1−3,  with  1D  or  MD
geometries (Chart 1), and explored the effects
of steric constraints. These FREAs share
similar  electron-donating  central  fused-ring
units  and  the same  electron-accepting
terminal  groups.  FXIC-1  contains  one



Chart 1. Chemical Structures of the FXIC Series

Scheme 1. Synthetic Routes for the FXIC Series

  

fluorene  unit  with  a  regular  linear  molecular
conformation  (1D).  FXIC-2  has  a
bifluorenylidene  unit  with  a  carbon−  carbon
double  bond  connecting  two  fluorene  units,
leading  to  a twisted structure (MD). FXIC-3
contains one spirobifluorene unit where a sp3-
hybrid carbon atom is shared by two fluorene
units, leading to an orthogonal structure
(MD). The FXIC
series  shows  similar  light  absorption  and
frontier molecular orbital energies, but distinct
electron  mobilities  (μe).  When  blending
acceptors  from  the  FXIC  series  with  widely
used   donor  materials  PTB7-Th,40 J71,41 and
PM742 (Chart  S1,  Supporting  Information),

optimized devices based on FXIC-1



show  higher  power  conversion  efficiencies
(PCEs) than those based on FXIC-2 and FXIC-3.
Meanwhile,  ternary  cells  based  on  PTB7-
Th:F8IC:FXIC-1−3  blends  have  similar  PCEs,
which are all better than those of the binary
blends.

■ RESULTS AND DISCUSSION
Synthesis  and  Characterization.  Scheme  
1  shows the

synthetic  routes  of  the  FXIC  series,  and
synthesis details are given in the  Supporting
Information. The FXIC series compounds have
good  solubility  in  common  organic solvents.
We  found  a  partial  decomposition  of FXIC-2
and FXIC-3



g

Table 1. Basic Properties of FXIC Series

λmax
abs (nm)

compound Td (°C) solution film E a (eV) εb (M−1 cm−1) HOMO (eV) LUMO (eV) μ c (10−4 cm2 V−1 

s−1)

FXIC-1 31
7

66
7

68
4

1.67 2.0 × 105 −5.7
8

−3.9
6

5.5 (4.8 ± 0.6)

FXIC-2 24
5

64
6

66
2

1.67 2.4 × 105 −5.7
9

−4.0
0

1.8 (1.1 ± 0.7)

FXIC-3 24
1

65
1

66
8

1.68 2.3 × 105 −5.7
9

−3.9
8

1.8 (1.2 ± 0.6)

aEstimated from the absorption edge in the film. bExtinction coefficient at λmax in the solution. cAverage values 
with standard deviation in brackets were obtained from six devices.

Figure 1. (a) Thin-film absorption spectra and (b) energy levels of FXIC series.

during purification by column chromatography
with  silica  gel,  due  possibly  to  a  reverse
Knoevenagel  condensation,43 while  FXIC-1  is
relatively stable. The chemical stability of FXIC-
1 (1D) with two terminal groups is better than
that of FXIC-2/ FXIC-3 (MD) with four terminal
groups, which may be caused  by  the  less
reverse reaction sites of FXIC-1. The FXIC series
compounds   have   decomposition
temperatures  (Td)   higher
than  240  °C  (Figure  S1  and  Table  1),  as
determined  by
thermogravimetric analysis (TGA).

Figure S2 shows the optimized geometries of
the  FXIC  series  from theoretical  calculations.
The electron-rich fused- ring cores of FXIC-1−3
have a 1D planar structure, a twisted
structure with a dihedral angle of ca. 35°, and
an orthogonal
structure. All of the cores and end groups are
essentially  coplanar,  benefiting  the  electron
delocalization  and  charge  transfer.  Grazing-
incidence  wide-angle  X-ray  scattering  (GI-
WAXS)  was used to  determine  the  molecular
stacking  of  the  three materials (Figure S3).
FXIC-1 is a crystalline material
and  shows  strong  in-plane  (100),  (200),  and
(300) reflections  at q values of 0.37, 0.74, and
1.12 Å−1, respectively, indicating the molecular
orientation  is  “face-on”  in  the  neat  film.  In
contrast, there are no obvious (100) reflections
for FXIC-2 and  FXIC-3 neat films. FXIC-1−3
show the (010) diffraction peaks
at  1.62,  1.46,  and  1.45  Å−1  (d  =  3.87,
4.30,  and  4.33 Å,
respectively) in the out-of-plane direction,
implying that FXIC-  1  has  the  strongest  π−π
packing; the trend in π−π packing distances  is

consistent  with  the  increased  twisting  of  the
conformation.

The ultraviolet-visible (UV−vis) absorption
spectra of FXIC series in solution and as thin film
were measured. In chloroform solution (ca. 10−6

M), FXIC-1 shows strong absorption from 550 to
730 nm and a peak at 667 nm with a high molar
attenuation  coefficient  (ε  =  2.0  ×  105   M−1

cm−1),
while FXIC-2 and FXIC-3 show blue-shifted peaks
at 646 nm with a ε value of 2.4 × 105 M−1 cm−1

and 651 nm with a  ε  value  of  2.3  ×  105 M−1

cm−1, respectively (Figure S4a). Thin films of the
FXIC series show the main peaks at 684, 662,
and



668 nm (Figure 1a), which are all red-shifted
by 16−17 nm relative to those in the solution.
The band gaps (Eg) of the FXIC series films are
1.67−1.68 eV, calculated from the absorption
edges.  The conformations  of  the  FXIC series
have little influence on their light absorption.

Cyclic  voltammetry  (CV)  (Figure  S5)  was
used to estimate the energy levels of the FXIC
series. The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular
orbital (LUMO) energy levels were  evaluated
using  the  onset  potential  of  oxidation  and
reduction,  respectively. The compounds in
the FXIC series have similar
HOMO energy levels (−5.78 to −5.79 eV) and
very  slightly  different  LUMO  energy  levels
(−3.96  to  −4.00  eV).  Consequently,  the
different conformations of the FXIC series
have little impact on their energy levels.

From  space-charge-limited  current  (SCLC)
curves (Figure S6),44 the best μe of FXIC-1 (5.5
×  10−4 cm2 V−1 s−1)  is  greater than those of
FXIC-2 and FXIC-3 (1.8 × 10−4 cm2 V−1 s−1). The
conformations of the compounds in the FXIC
series  have  a  significant  influence  on  the
molecular stacking and
charge  mobilities;  FXIC-1  with  1D  structure
has a tighter stacking, better crystallinity, and
higher electron mobility than FXIC-2 and FXIC-
3 with a MD structure.

Photovoltaic  Performance.  To characterize
the photo-

voltaic  properties  of  the  FXIC  series,  the
narrow band  gap  polymer PTB7-Th (1.63 eV),
the medium band gap polymer PM7 (1.84 eV),
and the wide band gap polymer J71 (1.98 eV)
were  selected  as  donors  (Figure  S4b).  The
optimization details of PTB7-Th-based devices
are summarized in Table S1. The FXIC-1-based
cell with 0.2 vol % 1,8-diiodooctane (DIO) had
an open-circuit voltage (VOC) of 0.790 V, short-
circuit current
density (JSC) of 13.4 mA cm−2, fill factor (FF) of
67.4%,  and  PCE of  7.13%;  the  FXIC-3-based
cell had a lower  VOC (0.760 V), lower  JSC (12.0
mA cm−2),  similar FF (67.4%), and lower PCE
(6.12%);  and  the  FXIC-2-based  cell  had  the
lowest  VOC (0.715 V), the lowest  JSC (10.7 mA
cm−2), similar FF (68.0%), and the lowest PCE
(5.22%) (Figure 2a and Table 2). The



Figure 2. (a) J−V characteristics, (b) EQE spectra, (c) Jph versus Veff characteristics, and (d) JSC versus light 
intensity of the optimized OSCs based on PTB7-Th:FXIC series.

Table 2. Device Data of Optimized OSCs Based on the PTB7-Th:FXIC Series (1:1.5, w/w)

μh μe

OC SC

a0.2% (v/v) DIO. bAverage values with standard deviation were obtained from 20 devices, and the values in 
brackets are from the best device.
cFrom the integration of external quantum efficiency (EQE).

device efficiencies based on 1D FXIC-1 binary
blends  are  higher than those for MD
FXIC-2/FXIC-3 binary blends. The  binary-blend
devices based on J71 and PM7 show a trend
similar to that of the PTB7-Th-based cells; the
PCEs of 1D
FXIC-1-based cells (9.37−10.2%) are higher
than those of MD  FXIC-2/FXIC-3  (0−6.12%)
(Figure S7 and Table S2).

Binary  blends  of  PTB7-Th:FXIC  series  were
investigated to further study the effects of the
conformations  of  the  FXIC  series  on  device
physics  and  film  morphology.  The  external
quantum efficiency (EQE) of the PTB7-Th:FXIC-
1 cell shows the best value with a maximum of
72.5% at 700 nm, while the
PTB7-Th:FXIC-2 device shows the lowest EQE in
the  500−  700  nm  region  (Figure  2b),
resembling the JSC trend.

Variation  in  photocurrent  density  (Jph)  with
effective voltage (Veff) of the optimized OSCs
was investigated, and the ratio of  JSC/Jsat (Jsat is
the saturation photocurrent density) was used
to  probe  charge  extraction  (Figure  2c).45 The
JSC/Jsat values of the optimized cells are 0.946,
0.930, and 0.940 for the FXIC-1-, FXIC-2-, and
FXIC-3-based devices, respectively. These

results indicate efficient charge extraction in all
of  the  devices,  essentially  independent  of  the
conformations of the FXIC series.

JSC follows  a  power-law  relationship  with  the
incident light

acceptora

FXIC-1

0.788

V b (V)

± 0.005 
(0.790)

J (mA cm−2)

12.9 ± 0.4
(13.4/13.0c)

FF (%)

69.4 ± 1.7
(67.4)

PCE (%)

7.06 ± 0.09
(7.13)

(10−4 cm2 V−1

s−1)

2.6 ± 0.4
(3.0)

(10−4 cm2 V−1

s−1)

3.5 ± 0.5
(4.0)

μh/
μe

0.7
5

FXIC-2 ± 0.003 10.6 ± 0.2 65.6 ± 1.9 4.96 ± 0.21 0.9 ± 0.3 0.4 ± 0.2 2.
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extracted by the electrodes with negligible
recombination, α =

1. For binary blends of PTB7-Th:FXIC-1−3, the
α values are 0.970, 0.967, and 0.967 under

short-circuit conditions (Figure 2d),
respectively, suggesting inappreciable

bimolecular recom- bination, insensitive to the
conformations of the FXIC series. The charge-

transport properties of PTB7-Th:FXIC-1−3
blends were studied by SCLC (Figure S8).

The PTB7- Th:FXIC-1 blend film shows a hole
mobility (μh) of 3.0 × 10−4

cm2 V−1 s−1 and a  μe of 4.0  ×  10−4 cm2 V−1 s−1

with a μh/μe

value  of  0.75,  while  the  PTB7-Th:FXIC-3  film
exhibits lower
charge mobilities with a μh/μe value of 1.5, and

the  PTB7-  Th:FXIC-2  film  exhibits  the  lowest
charge  mobilities  with  a  μh/μe value  of  2.1
(Table 2). In contrast to the MD FXIC-2/ FXIC-3-
based  blends,  the  1D  FXIC-1-based  blends
show  higher  carrier  mobilities  and  more
balanced μh/μe ratios, leading to higher JSC.

Film Morphology. The morphology of the blend
films  was

investigated by atomic force microscopy (AFM),
GIWAXS, and resonant soft X-ray scattering (R-
SoXS).  All  of  the  blend  films of the PTB7-
Th:FXIC series are smooth with root-mean-
square  roughnesses  (Rq)  of  2.90,  2.85,  and
3.30  nm, respectively  (Figure  S9).  PTB7-Th
has  an  intense in-plane
(100) diffraction peak at q = 0.29 Å−1  and an
out-of-plane

intensity   (Plight):   JSC ∝ P α. If free charges are
totally

(010) stacking reflection at q = 1.66 Å−1, 
indicating a face-on



orientation  (Figure  S3).  In  the  PTB7-Th:FXIC
series  binary-  blend films, the face-on
orientation of PTB7-Th remains when  mixed
with FXIC-1 and FXIC-3, while the orientation of
PTB7-Th changes to edge-on when blended
with FXIC-2 due, more than likely, to the strong
interactions with FXIC-2 (Figure 3). Out-of-plane
(010) reflections are seen at 1.66,

Figure  3.  Two-dimensional  (2D)  GIWAXS  patterns
(a−c) and scattering profiles of out-of-plane (d) and
in-plane (e) peaks for the PTB7-Th:FXIC-1−3 blend
films.

1.61, and 1.62 Å−1  (d = 3.79, 3.90, and 3.89 Å)
for the FXIC-
1-, FXIC-2-, and FXIC-3-based blends,
respectively. The small π−π packing distance of
PTB7-Th:FXIC-1  is  favorable  for  charge
transport, contributing to its relatively higher
mobilities.

R-SoXS  at  the  carbon  edge  (285  eV)  was
performed  to  investigate  the  domain  sizes  of
the binary-blend  films (Figure 4). The average
domain sizes of PTB7-Th:FXIC-1 and PTB7-

Figure 4. R-SoXS profile in the log scale for the PTB7-
Th:FXIC-1−3 blend films.

Th:FXIC-2  are  22  and  20  nm,  respectively.
PTB7-Th:FXIC-3  shows  two  interferences  at
distances corresponding to 43 and
105 nm, indicating that the three-dimensional
structure of FXIC-3 hinders mixing with PTB7-
Th.46−48

Ternary-Blend OSCs. We added compounds
in the FXIC

series to the PTB7-Th:F8IC blends to generate
ternary-blend OSCs.  The addition  of  the  FXIC
series not only supplements the absorption of
the binary blend in the 500−750 nm range,
enhancing  the  JSC,  but  also  increases  the

VOC  due  to the
upshifted LUMO of the FXIC series. We found
that the PTB7- Th:F8IC-based devices with 0.2%
(v/v) DIO show better  performance than those
with 0.5% (v/v) diphenyl ether, which we used in
our prior work.49 Therefore, for all of the devices
based on PTB7-Th:F8IC:FXIC blends,  0.2 vol  %
DIO was used  as  the  additive.   The  devices
containing  the  PTB7-
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Th:F8IC  binary  blend  show a  PCE  of  11.4%,
while all of  the  optimized OSCs for the series
of PTB7-Th:F8IC:FXIC ternary
blends show higher values for VOC, JSC, and FF,
leading to PCEs of 12.4−12.7% (Table S3 and
Figure  S10).  The  results  indicate  that  the
conformation  of  the  third  component  has
similar effects on the enhancement of device
performance.  Interestingly, the performance
of all of the ternary-blend OSCs
is at a high level with high FXIC series loading
tolerance.

The  influence  of  the  FXIC  series  on  the
morphology  of  the  optimized  ternary  blends
was  investigated.  In  contrast  to  the  PTB7-
Th:F8IC binary blend that shows a broad
peak with a
domain size of 24−40 nm, the three ternary
blends with different  acceptor  weight  ratios
(F8IC:FXIC-1  =  1.3:0.2,
F8IC:FXIC-2 = 1.0:0.5, F8IC:FXIC-3 = 1.1:0.4)
show broad
peaks with a similar domain size of 20−40 nm,
indicating  that  the  addition  and  the  weight
ratio of the FXIC series have little effect on the
domain size (Figure S11). This can explain why
the PCEs of the ternary-blend OSCs remain
over 10% with
high FXIC series loadings. From the GIWAXS of
the  PTB7-  Th:F8IC:FXIC-1  and  PTB7-
Th:F8IC:FXIC-3  ternary  blends,  the  in-plane
(100)  peak  of  F8IC  becomes  much  sharper,
indicating that the addition of FXIC-1 and FXIC-
3 induces the crystallization of  F8IC (Figures
S3 and S12). The out-of-plane
(010)  peaks  of  FXIC-1,  FXIC-2,  and  FXIC-3
ternary  films  are  located at 1.81, 1.77, and
1.81 Å−1 (d = 3.47, 3.55, and 3.47 Å),
respectively.  The  π−π  stacking  distances  of
FXIC-1-  and  FXIC-3-based ternary films are
closer than that of the FXIC-2- based one. The
smaller  π−π  packing distance is favorable for
charge transport, contributing to the
performance of the FXIC-
1- and FXIC-3-based ternary devices.

Device  Stability.  We  measured  the  light
stabilities  of  the  ternary-blend  OSCs  under
continuous  illumination  (AM  1.5G  solar
simulator,  100 mW cm−2)  (Figure  S13).  After
180 min of continuous illumination, the PCEs
of the ternary-blend devices based on FXIC-1,
FXIC-2, and FXIC-3 decreased by 15, 17,
and  20%,  respectively,  which  are  all  better
than  those  of  the  PTB7-Th:F8IC  binary-blend
OSCs  (decreased  by  24%).  Thermal stability
was tested under continuous heating at 100
°C. After 180 min of continuous heating, the
PCEs of the
ternary-blend devices based on FXIC-1, FXIC-2,
and  FXIC-3  decreased by 37, 36, and 44%,
respectively, which are all better than those of
the  PTB7-Th:F8IC  binary-blend  OSCs
(decreased by 49%) (Figure S14). The  third-
component   FXIC series improves the device
stability; FXIC-1 and FXIC-2  are  better  than
FXIC-3 for stability improvement.

CONCLUSIONS
In summary, we designed and synthesized

three FREAs, which  have  similar  fused-ring
central  units  and  the  same  terminal  groups.
Due  to  the  different  steric  structures  of
fluorene,  bifluorenylidene, and spirobifluorene,
the  conformations  of  these  molecules  vary
from 1D (FXIC-1)  to  MD (FXIC-2  and  FXIC-3).
FXIC-1  is  crystalline,  while  FXIC-2  and FXIC-3
are  amorphous.  The  FXIC  series  FREAs  show
similar  optical  absorption and HOMO/LUMO
levels. 1D FXIC-1 has tighter  stacking,  better
crystallinity, and higher mobility than MD FXIC-
2/FXIC-3. When blending with different polymer
donors  (PTB7-Th,  J71,  and  PM7),  all  FXIC-1-
based  OSCs  yield  better  photovoltaic
performance than those based on FXIC-2/FXIC-
3.  Meanwhile,  the  ternary  cells  based on  the
PTB7-Th:F8IC:FXIC  series  exhibit  similar
efficiencies,  which  are better than that of the
PTB7-Th:F8IC  control  cell.  These  results
indicate that the conformations of the FXIC
series have



little impact on the optical and electrochemical
properties  but  significantly influence the
molecular packing, film morphology,  and
electron  mobilities,  leading  to  the  better
performance of 1D FXIC-1 in binary-blend cells
and similar positive impact on  ternary-blend
cells.

■ EXPERIMENTAL SECTION
The  molecular  synthesis  and  characterization  and
OSC preparation
and measurements are provided in the  Supporting
Information.
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