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Abstract   A novel two-dimensional A-D-A acceptor named as CH8 with four electron-withdrawing end units has been successfully designed and

synthesized. The enlarged conjugation in two directions renders CH8 exhibit an extremely low electron reorganization energy of 98 meV, which

makes CH8 a potential  candidate for outstanding organic semiconductor material.  When blended with PM6,  a considerate power conversion

efficiency of 9.37% along with a high open-circuit voltage (Voc) 0.889 V and low energy loss (Eloss) below 0.6 eV is achieved. These results indicate

that the two-dimensional A-D-A molecule with four electron-withdrawing end units is an effective molecular design strategy to achieve lower

voltage loss and also possible high performance for organic photovoltaics if ideal morphology could be achieved.
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INTRODUCTION

Bulk  heterojunction  (BHJ)  organic  solar  cells  (OSCs)  have  att-
racted widespread interest in the renewable energy community
due  to  their  lightweight,  flexibility,  tunable  transparency  and
color,  and low-cost fabrication techniques.[1−4] The photoactive
materials in OSCs are composed of electron donors and electron
acceptors.  Currently,  non-fullerene  acceptors  (NFAs)  play  a
crucial role in OSCs and have attracted extensive attention due
to their high performance and tunable energy levels.[5,6] Among
them,  the  main  focus  is  on  the  linear-shaped  one-dimensional
NFAs  with  an  acceptor-donor-acceptor  (A-D-A)  architecture[7]

like ITIC,[8,9] F series,[10,11] Y6 and their derivatives etc.,[12,13] which
has been the main driving force for the current over 19% power
conversion efficiencies (PCEs).[14]

Currently,  the widely explored NFAs are most with one di-
rection  conjugation  along  the  main  backbone  in  such  as  li-
near-shaped  one-dimensional  NFAs  mentioned  above.  It  is
believed  that  there  would  be  many  potential  advantages  in
electron  reorganization  energy,  molecular  packing,  charge
transport and light harvesting if the conjugation could be ex-

tended into two dimensions such as in two-dimensional (2D)
acceptors.[15,16] Recently,  two-dimensional  (2D)  star-shaped
fused-ring  electron  acceptors  with  three  electron-withdraw-
ing end units  have been reported with improved photoelec-
tric  parameters  and  ~10%  PCE.[16−18] However,  very  few  in-
vestigations have been carried out for 2D NFAs with other ar-
chitectures,  which  might  have  limited  the  potentially  high
performance of the largely available 2D NFAs with various ar-
chitectures. Thus, it would be interesting and desired to study
such 2D NFAs with different architectures in terms of both po-
tentially high performance and understanding of the relation-
ship between structure and properties.

In  this  work,  we  designed  and  synthesized CH8,  a  2D  ac-
ceptor  with four  electron-withdrawing end units  with conju-
gation  extended  into  two  perpendicular  directions  (Fig.  1a).
CH8 has an extremely low electron reorganization energy by
the  density  functional  theory  (DFT)  calculations,  with  an  in-
tense absorption in the region of 300−850 nm and appropri-
ate  energy  levels  as  an  electron  acceptor  for  OSCs.  When
blended with PM6,[19] a considerate PCE of 9.37% along with
a high open-circuit voltage (Voc)  0.889 V and low energy loss
(Eloss)  below  0.6  eV  were  achieved.  And  the  blend  film  exhi-
bited a good electron mobility of 1.52×10−4 cm2·V−1·s−1 and a
favorable face-on stacking orientation morphology. The mod-
erate performance is believed mainly due to the inferior mor-
phology of  the active layer because of  rather poor phase se-
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paration of the D/A and thus no ideal nanoscale D/A penetra-
ting network could form.

EXPERIMENTAL

The  details  of  material  characterizations  and  experimental
methods  are  presented  in  the  electronic  supplementary
information (ESI).

RESULTS AND DISCUSSION

Synthesis and Characterization
The overall  synthesized route to CH8 is  displayed in Scheme 1
and  the  detailed  procedures  and  characterizations  are  descri-
bed in ESI. We successfully obtained 2D donor core (compound
2)  in  a  reasonable  yield  with  the  key  step  of  phenazine
conversion from benzothiadiazole.  As  shown in Scheme 1,  this
challenging conversion was achieved by an in situ condensation
between two intermediates, 1a and 1b,  which were generated
from  reduction  and  followed  oxidation  of  commercially
available  compound 1.[15] After  formylation  of  the  resulting
compound 2 by Vilsmeier reagent, CH8 was finally synthesized
by  Knoevenagel  condensation  reaction  between  compound 3

and the end unit 4.
DFT  calculations  were  conducted  to  evaluate  the  molecu-

lar  conformations  of CH8.  The  detailed  calculated  method
was described in ESI. Through DFT calculations shown in Fig.
S1  (in  ESI), CH8 has  good  planarity  along  the y axis,  which
could be favorable for intramolecular charge transfer (ICT)[20]

and  intermolecular π-π stacking.  The  formed  a  relatively  lar-
ger dihedral  angle of ~20° along the x axis  between the two
major  molecular  planes,  together  with  long  alkyl  chains
which  might  weaken  self-aggregation  of CH8 to  have
small/weakened domain size in blend films for OSCs. The long
alkyl chains on sp2 N atoms of CH8 are essential for favorable
solubility which is the prerequisite for solution-processed so-
lar  cells.  However,  the  increasing  steric  hindrance  caused  by
the  overlong  alkyl  chains  could  go  against  the  closely π-π
stacking  between  neighboring  molecule  pairs.  This  might
lead  to  the  inferior  crystalline  of CH8 and  unsatisfactory
phase  separation  in  blended  film.  In  addition, CH8 exhibits
the  clear  A-D-A  feature  demonstrated  by  its  characteristic
peak-valley-peak plot along the x and y directions of molecu-
lar  backbone for  its  frontier  orbital  charge density  difference
(ΔQ),[7] respectively (Fig. S2 in ESI). It has been proved that the
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Fig.  1    (a)  Molecular  structures  of CH8 and PM6;  (b)  Normalized  absorption  spectra  of PM6 in  films  and CH8 in
solution and films, respectively; (c) Energy levels diagram of CH8 and PM6.
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A-D-A  feature  of  molecule  would  endow  enhanced  exciton
separation and charge transportation and thus facilitate OPV
performance in  blend films.[7] In  addition,  reorganization en-
ergy is related to the rate of charge transfer,  which has been
regarded  as  one  of  the  critical  parameters  in  the  design  of
high-efficiency molecules for OSCs. A small reorganization en-
ergy of molecule is expected to give rise to a large carrier mo-
bility in solid state and also could reduce the Eloss in solar cells.
Therefore,  the  electron  reorganization  energy  of CH8 has
been  investigated  in  this  work.  Low  electron  reorganization
energies (λ)  values would be achieved when the neutral  and
charged  species  have  very  similar  geometries,  and  excess
charge  can  be  effectively  delocalized  over  the  entire  mo-
lecule.[21] We  find  that  the  enlarged  conjugation  2D CH8 in-
deed  has  a  very  low  computed  internal λ of  98  meV,  and  is
lower even than those of ITIC and Y6 analogues.[21,22] This is
expected  to  be  beneficial  for  high  mobilities  and  improved
charge  transport,  which  is  discussed  below.[23] The  detailed
computational  methods  and  a  comparative  Table  S2  were
shown in ESI.

Fig.  1(b)  shows  the  normalized  absorption  spectra  of CH8
in solution and thin film, with a large molar absorption coeffi-
cient of 3.28×105 M−1·cm−1 in chloroform solution. The maxi-
mum absorption peak of CH8 has an obvious redshift with 52
nm  from  solution  to  film,  which  suggests  that  the  2D  mo-

lecule  possesses  relatively  strong  intermolecular π-π interac-
tion.  The  cyclic  voltammetry  was  performed  to  evaluate  the
frontier  orbital  energy  levels  of CH8 and  the  HOMO  and
LUMO  energy  levels  were  shown  in Fig.  1(c)  and  Fig.  S3  (in
ESI).  This  higher LUMO energy level  of CH8 at  −3.75 eV than
that  of  state-of-the-art  acceptor Y6[13] indicates  that  OSCs
based CH8 would  have  an  improved Voc.  The  energy  levels
derived from CVs are also in accordance with the results from
theoretical  calculations  (Fig.  S4  in  ESI).  The  detailed  parame-
ters of physicochemical properties for CH8 are summarized in
Table S1 (in ESI).

Photovoltaic Performance and Charge Transport
Measurements
All the OSC devices were fabricated by a conventional structure
of  ITO/PEDOT:PSS/active  layer/PDINO/Ag  to  evaluate  their
photovoltaic performance and polymer PM6[19] was selected as
the donor in active layer considering its matching energy levels
and complementary  absorption with CH8.  The optimization of
OSCs  is  summarized  in  Table  S3  (in  ESI)  and  the  optimized
photovoltaic  parameters  are  shown  in Table  1.  The  most
optimal  device  conditions  were  prepared  by  mixing PM6 and
CH8 in a 1:0.8 weight ratio into CF without additive and under
thermal  annealing at  80  °C  for  5  min,  resulting a  PCE of  9.37%
with  a Voc of  0.889  V,  short  current  densities  (Jsc)  of  19.70
mA·cm−2 and fill factor (FF) of 53.5%.
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Scheme 1    The overall synthesis route to CH8.
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The  optimal  current  density-voltage  (J-V)  curve  of  cham-
pion OSCs based on CH8 was recorded in Fig. 2(a). As shown
in Fig.  2(b),  The PM6:CH8-based  cell  shows  good  photo  re-
sponse  in  the  wavelength  range  of  300−850  nm,  especially
with  a  EQE  value  over  70%  at  500−650  nm.  The  integrated
current  density  is  19.31  mA·cm−2,  which  is  consistent  the
value obtained from the J-V measurement within a 2% error.
Note,  while  the  FF  is  quite  low  compared  with  most  of  the
state-of-the-art  materials,  its  PCE  of  9.37%  is  still  among  the
highest PCE in 2D acceptor based on OSCs,[16] indicating that
2D NFAs with four  end units  in  two perpendicular  directions
are  potential  candidates  for  high  effective  OSCs.  In  addition,
the PM6:CH8 blend  shows  a  hole  and  electron  mobilities  of
0.80×10−4 and 1.52×10−4 cm2·V−1·s−1 by space charge limited
current method, (Table 1 and Fig.  S5 in ESI)  respectively.  The
outstanding  charge  transport  ability  is  related  to  the  very
small reorganization energy calculated by DFT.

Note from above discussion, the hole and electron mobilit-
ies  of  active  layer  of PM6:CH8 blend  are  high  and  also  bal-
anced  and CH8 also  has  a  relatively  large  molar  absorption
coefficient  and  marching  energy  levels  with  the  donor  of
PM6.  Thus,  the observed moderate PCE should mainly come
from the possible unsatisfactory morphology in the active lay-
er, clearly indicated by the low FF.

Morphology Analysis
To  have  an  investigation  of  the  correlation  between  the
morphology  and  photovoltaic  properties,  grazing-incidence
wide-angle  X-ray  scattering  (GIWAXS)  and  atomic  force
microscopy (AFM) were applied to explore the stacking and the
surface morphology of CH8 in films. As shown in Figs. 3(a) and
3(b), (010) diffraction peak at q≈1.6 Å−1 in the out-of-plane (OOP)
direction and (100) diffraction peak at q≈0.3 Å−1 in the in-plane
(IP) direction were observed in CH8 neat film, which is classified
into  a  preferential  face-on  orientation.[12] And  the  favorable
face-on orientation of packing, which is in favor of the efficient
charge transport, is also kept in CH8 blend films. Note from the

2D GIWAXS patterns of CH8 neat film and PM6:CH8 blend film
shown  in Figs.  3(a)  and  3(b),  there  is  very  little  clear  crystalline
pattern observed in the both neat CH8 and its blend films with
PM6. Especially, the OOP π-π diffraction peak at ≈1.6 Å−1 comes
with a very small crystalline coherence length (CCL) of only 17 Å
in CH8 neat film and 7 Å in PM6:CH8 blend film, which indicates
that CH8 molecules  in  films  do  not  pack  in  a  well-ordered
pattern.[24] Note, the reduced CCL of PM6:CH8 blend film from
CH8 neat  film  further  indicates  that CH8 has  even  weakened
crystallization tendency in the blend film. The clearest OOP peak
at  ≈0.36  Å−1,  which  comes  with  a  crystalline  coherence  length
(CCL)  of  112 Å for CH8 neat  film and 74 Å for PM6:CH8 blend
film,  respectively,  also  shows  the  reduced  crystallization
tendency in the blend film. The largely weakened crystallization
tendency from CH8 neat film to PM6:CH8 blend films indicates
a good miscibility between PM6 and CH8, which would lead to
an unsatisfactory phase separation. As shown in Fig. 3(c) and Fig
S6 (in ESI), the AFM images also clearly exhibited the weakened
crystallization tendency from CH8 neat film to PM6:CH8 blend
film  and  the  unsatisfactory  phase  separation  of  the  donor  and
acceptor  could  be  observed  in PM6:CH8 blend  film.  The
unsatisfactory  phase  separation  and  inferior  crystalline  of CH8
might also related with long alkyl chains on sp2 N atoms and its
relatively  larger  dihedral  angle  shown  in  Fig.  S1  (in  ESI),  which
should probably  account  for  the low FF of  only  54%,  and thus
considerate PCE.[25]

Energy Loss Analysis
Energy loss (Eloss) is one of important parameters of limiting PCE
of OSCs by influencing Voc.

[26] Therefore,  the Eloss of CH8-based
OSCs  was  studied  according  to  the  framework  of  Marcus
theory.[27] In  general, Eloss in  OSCs  can  be  regarded  originating
from  three  parts:  ΔECT,  ΔVr and  ΔVnr.

[28] Among  them,  ΔECT

contributing  to  the  first  part  of  voltage  loss  is  the  energetic
difference  between  the  singlet  excited  state  and  charge  trans-
fer  (CT)  state.  ΔVr and  ΔVnr are  the  voltage  loss  terms  related
to  the  radiative  and  non-radiative  decay  rate  of  CT  states,[29]

Table 1    Summary of device parameters of the optimized OSCs based on CH8. a

Active layer Voc (V) Jsc (mA·cm–2) Calcd. Jsc
 b (mA·cm–2) FF (%) PCE (%)

μe/μh c
(10–4 cm2·V–1·s–1)

PM6:CH8 0.889(0.877±0.011) 19.70(19.12±0.35) 19.31 53.5(52.5±1.4) 9.37(8.81±0.25) 1.52/0.80
a Optimal and statistical results are listed outside of parentheses and in parentheses, respectively. b Current density calculated from EQE curve. c μe and μh are
electron and hole mobilities of optimized PM6:CH8 blends by SCLC measurements, respectively.
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Fig. 2    (a) J-V curve and (b) EQE curve of the device based on optimized PM6:CH8.
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Fig.  4    (a)  Details  of  optical Eg determination  of CH8-based  OSCs;  (b)  Sensitive  external  quantum  efficiency  (sEQE)  spectra  and
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respectively,  and  the  suppression  of  non-radiative  recomb-
ination  is  the  most-concerned  part  to  further  improve  the Voc

and PCEs of OSCs.[30]

As shown in Fig. 4(a), there is no obvious shift in the emis-
sion  spectra  onsets  between  the  normalized  photolumines-
cence (PL) spectra of the CH8 blend and neat films. Therefore,
the Eg of CH8 was determined by the crossing point of emis-
sion  and  absorption  spectra  of  its  neat  film.[31] Based  on  the
equation: Eloss = Eg – eVoc, the Eloss of CH8-based OSCs was ob-
tained as 0.587 eV,  which is  smaller  than those of ITIC[8] and
F[11] series acceptors based OSCs and is comparative to that of
state-of-the-art OSCs (0.5−0.6 eV).[12,26,32] The low Eloss should
come  from  suppressed  non-radiative  recombination  loss.
Note the ΔECT determined by fitting the highly sensitive EQE
(sEQE) of CH8-based solar cells is only 0.053 eV (Figs.  4b and
4d). Thus, the smaller energetic difference between the sing-
let  excited  CT  states  could  enlarge  the  radiative  rate  of  CT
state via an  intensity  borrowing  mechanism,  leading  to  a
small Eloss.[33] The  small Eloss is  also  consistent  with  the  ob-
served  high  emission  efficiency  (EQEEL)  value  of  over  10−4

for CH8-based OSCs (Fig.  4c).  With these,  a  rather  small  ΔVnr

of  0.230  V  is  obtained  by  the  equation:  ΔVnr =
−(kT/q)ln(1/EQEEL).[34] The  detailed  data  about Eloss of CH8-
based  OSCs  are  summarized  in Fig.  4(d).  These  results  indi-
cate that 2D acceptor with four end units is potential molecu-
lar design strategy in suppressing Eloss and Vnr.

CONCLUSIONS

In summary, a novel two-dimensional A-D-A acceptor with four
electron-withdrawing end units and conjugation extended into
two  perpendicular  directions  has  been  successfully  designed
and  synthesized.  Accompanied  by  its  enlarged  conjugation
extension, CH8 has  an  extremely  low  electron  reorganization
energy  of  98  meV,  which  is  consistent  with  its  outstanding
charge  transport  material.  While  a  moderate  PCE  of  9.37%  has
been achieved, though still high among 2D acceptors, it gave a
high Voc of  0.889  V,  and  a  quite  small Eloss of  0.587  eV  for  its
devices  with PM6 as  the  donor.  The  significantly  reduced Eloss

and  ΔVnr are  believed  to  be  due  to  the  increased  radiative
recombination rate, partially contributed by its relatively high CT
state.  The  main  reason  for  the  moderate  PCE  of  its  OSCs  is
believed due to the unsatisfied morphology of the active layer.
Considering their advantage of smaller Eloss and higher Voc,  it is
believed that these 2D conjugation molecules could have much
higher performance if their morphology could be further tuned.
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