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Abstract Two lowly fused non-fullerene acceptors (NFAs) with isomeric structures, named as BTP-out-4F and BTP-in-4F, were developed by
tailoring the fused 7-ring central core of Y6 into a lowly fused 5-ring linked with two octyloxythiophene bridges. BTP-out-4F with octyloxy side
chains away from the central core exhibited large steric hindrance that restrained the rotational freedom between the thiophene bridge and end
group but maintained free rotation between the central core and the thiophene bridge. In contrast, BTP-in-4F with octyloxy side chains close to
the central core had much lower rotation freedom due to the non-covalent S--O interactions locked the central core, thiophene bridge and end
group simultaneously, making BTP-in-4F have higher molecular crystallinity. On the other hand, the optical properties, energy levels and the
blend morphology properties were significantly influenced, leading to distinctive photovoltaic performances. BTP-out-4F formed favorable
energy level alignment and morphology when matching with PBDB-T donor, thus its device realized a much higher PCE of 13.32%, which was

over 13 times than that of BTP-in-4F based device (PCE=0.97%).
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INTRODUCTION

Organic solar cells (OSCs) based on polymer donors and non-
fullerene acceptors (NFAs) have attracted widespread attentions
and achieved unprecedented development recently.'"
Especially, the explosive development of fused-ring electron
acceptors (FREAs) processing an A-DA'D-A structure along with
broad and strong absorption, tunable energy level as well as
regulable morphology, such as Y6,['2 BTP-4C1,1'3 BTP-eC9,'¥ L8~
BO,"! BTP-FTh,l'® etc,, have boosted the power conversion
efficiency (PCE) reaching 19%.'%'7) Currently, the mainstream
research on this type of FREAs is to change the side chain group,
central core and terminal unit, or to construct asymmetric
molecules.l'®-28) While these changes do lead to improved
device performance, however, the complexity of synthesis
cannot be ignored, which is an important factor for commercial
applications in the near future.

As the first-generation FREA, ITIC,27! which is composed of
an A-D-A structure, shows very excellent optoelectronic prop-
erties, enabling the PCE to easily exceed the 10% benchmark.
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By tailoring the fused 7-ring core of ITIC into lowly fused 5-
ring core and alkylthiophene bridge, a lowly fused A-r-D-m-A
type FREA of IEIC was developed, which did not sacrifice the
broad absorption range but significantly impact the energy
levels.281 Replacing the alkyl side chains with alkoxy side
chains on the thiophene bridges, the newly developed IEICO
exhibited largely narrowed optical bandgap (E¢°FY) from 1.50
eV to 1.34 eV.2 The largely narrowed E Pt could be ascribed
to the enhanced electron donating ability and the non-cova-
lent S--O interactions locked the rotation of thiophene
bridges, offering high intramolecular rigidity and planarity
similar to a fused 9-ring core. Therefore, relatively high photo-
voltaic performance can also be obtained by tailoring com-
plex fused-ring molecules into easily synthesized and lowly
fused molecules.l30-321 By introducing noncovalent interac-
tions, these lowly fused molecules could also maintain high
coplanarity and charge transport properties.[33-37]

In addition, structural isomerization has also attracted wide
attention in developing highly efficient NFAs.13839 The struc-
tural isomerization could be applied to the central cores, side
chains, m bridge and end groups of NFAs.38-421 Absolutely,
structural isomerization is a promising strategy to tune the
electronic structure, optical properties, energy levels, molecu-
lar stacking behavior, and charge transport properties.[#!
Most recently, we flanked 5,5-bis(4-hexylphenyl)-5H-
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dithieno[3,2-b:2',3-d]pyran (DTP) to the 2,5-difluorophen-
ylene central core with two different orientations to develop
non-fused-ring electron acceptors (NFERASs).2l which made
excellent use of configuration lock and structural isomeriza-
tion effects, resulting in significant changes in the optical
properties, electrochemical properties and molecular stack-
ing properties of NFERAs that associated with photovoltaic
properties.*2l A further research of the combination of con-
firmation lock and structure isomerization effects on the over-
all properties of the NFAs would provide an in-depth under-
standing on the structure-property relationship for guiding
new NFA design and further improving the performances of
OSCs.

Herein, we report the development of two novel lowly
fused NFAs with isomeric structures, named as BTP-out-4F
and BTP-in-4F, by tailoring the fused 7-ring based on central
core of Y6 into a lowly fused 5-ring linked with two alkoxy-
thiophene bridges (Scheme 1a). The main difference between
the two isomeric acceptors was the position of the octyloxy
side chains relative to the central core or not. BTP-out-4F with
octyloxy side chains away from the central core exhibits large
steric hindrance, restraining the rotational freedom between
the thiophene bridge and end group and maintaining free ro-
tation between the central core and the thiophene bridge. In
contrast, BTP-in-4F with octyloxy side chains close to the

central core has much lower rotation freedom due to the
non-covalent SO interactions locked with the central core,
thiophene bridge and end group simultaneously, making
BTP-in-4F have higher molecular crystallinity. On the other
hand, the optical properties, energy levels and the blend mor-
phology characters were significantly influenced, leading to
distinctive photovoltaic performances. BTP-out-4F formed fa-
vorable energy level alignment and blend morphology, when
matching with PBDB-T donor, thus realizing a much higher
PCE of 13.32%, which was over 13 times than that of BTP-in-
4F based devices (PCE=0.97%).

EXPERIMENTAL

The experimental details are shown in the electronic
supplementary information (ESI).

RESULTS AND DISCUSSION

Materials Synthesis and Characterizations

The synthetic routes of the two isomeric NFAs are shown in
Scheme 1(b). Compound 1 was lithiated and subsequently
quenched with trimbutyltin chloride to afford compound 7.
Stille coupling of compound 7 and compound 2 with the
catalyst of tetrakis(triphenylphosphine)palladium(0) [Pd(PPhs),]
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Scheme 1 (a) The chemical structures of BTP-out-4F, BTP-in-4F and PBDB-T; (b) Synthetic routes to BTP-out-4F and BTP-in-4F.
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in toluene solution afforded 8a. Compound 5 was obtained by
the reaction of compound 1 with lithium diisopropylamide
(LDA) and trimethylchlorosilane, followed by reaction with LDA
and trimbutyltin chloride. Compound 8b was obtained by Stille
coupling of compound 2 with compound 5 followed by
removing of silane protecting groups. The target BTP-out-4F
and BTP-in-4F were synthezized by dialdehyde reaction of
compounds 8a or 8b followed by Knoevenagel condensation
with compound 3, respectively. The detailed synthetic routes
and structure characterizations can be found in ESI. The two
acceptors exhibit good solubility in common solvents, such as
tetrahydrofuran (THF), dichloromethane (DCM), chloroform (CF)
and chlorobenzene (CB). According to the results from
thermogravimetric ~ analysis (TGA), the decomposition
temperature (Ty, 5% weight loss) are 313 °C for BTP-out-4F and
343 °C for BTP-in-4F, respectively, suggesting their excellent
thermal stability (Fig. S1a, in ESI). Differential scanning
calorimetry (DSC) were performed to analyze the solid-state
thermal transitions (Fig. S1b, in ESI). Melting temperature (T,,) of
266 °C was observed for BTP-out-4F. Interestingly, we observed
an endothermic peak at 208 °C and an exothermic peak at
220 °C for BTP-in-4F, which could be attributed to crystal
transformation. When rising the temperature, a sharper
endothermic peak at 269 °C could be observed for BTP-in-4F.
The sharper endothermic peak at higher temperature demon-
strated the higher crystallinity of BTP-in-4F than BTP-out-4F.
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Optical Properties and Energy Levels
The Ultraviolet-visible-near infrared (UV-Vis-NIR) absorption of
BTP-out-4F and BTP-in-4F in dilute chloroform solutions and
thin films were measured to investigate the isomerization effect
on the optical properties. As shown in Fig. 1(a), BTP-out-4F has
a main absorption in the range of 600-825 nm and an
absorption peak at 738 nm with a maximum extinction
coefficient (¢) of 15x10° Lmol™cm™ in CF solution.
Compared with BTP-out-4F, BTP-in-4F shows a significantly
redshifted absorption over 100 nm with a main absorption
range of 650-1000 nm and absorption peak of 848 nm
(e=1.1x10° Lmol\em™). The somewhat temperature-
dependent absorption in CF may arise from the conformation
lock effect formed by the non-covalent SO interactions, which
can be weakened by elevating the solution temperature (Fig. S2
in ESI). From solution to film state, both the two acceptors show
obvious red shift absorption (~80 nm) with the absorption peak
of 816 nm for BTP-out-4F and 931 nm for BTP-in-4F, respectively,
implying their intensified molecular packing in film state (Fig.
1b). The E,°P* was estimated to be 1.34 eV for BTP-out-4F, which
is comparable to that of Y6 acceptor (1.33 eV).l'Z In contrast, an
ultra-narrow E,°* of 1.07 eV was obtained for BTP-in-4F, which
indicated the strong intramolecular charge transport (ICT)
between the central core and the end group of BTP-in-4F.
PBDB-T has a main absorption in the range of 450-700 nm,
which is well complementary with these NFAs.

Cyclic voltammetry (CV) measurements were conducted to
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Fig. 1 UV-Vis-NIR spectra of SMAs in (a) chloroform solutions and (b) film state. (c) CV curves of PBDB-T and the SMAs. (d) The energy

diagram of PBDB-T and the SMAs.
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investigate the isomerization effect on the energy levels (Fig.
1¢). The highest occupied molecular orbital (HOMO) and lo-
west unoccupied molecular orbital (LUMO) level are estima-
ted to be —5.33 and —3.80 eV for BTP-out-4F, respectively, cor-
responding to an electrochemical band gap (E,") of 1.53 eV
(Fig. 1d). Compared to BTP-out-4F, BTP-in-4F exhibits a high-
er HOMO of —5.25 eV but a lower LUMO of —4.02 eV, corres-
ponding to a narrower E;< of 1.23 eV. The energy levels of
PBDB-T donor were also measured for comparison. The
HOMO/LUMO of —5.29/-3.45 eV for PBDB-T could match well
with BTP-out-4F, the minimal HOMO offset (Ayomo = 0.04 eV)
was expected to obtain high open circuit voltage (V) with
low energy loss (E,). However, the HOMO of PBDB-T was
even lower than that of BTP-in-4F, the unfavorable energy
level alignment might lead to inefficient exciton dissociation
in the resulting devices (vide infra).

The isomerization effect on the molecular geometry and
electronic properties was investigated by density functional
theory (DFT) simulation at the B3LYP/6-31G level. All the long
alkyl groups were replaced with methyl groups to simplify the
calculation process. These two NFAs exhibit very similar steric
hindrance between the central core and thiophene bridges
(Fig. 2a). In spite of that, the rotation freedom of the two
thiophene bridges relative to the central core of BTP-in-4F
was largely restrained due to the conformational lock formed
by the non-covalent S--O interactions (Scheme 1). A large
steric hindrance between the thiophene bridges and the end
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groups of BTP-out-4F induced by the octyloxy side chains,
which restrained the rotation of the end groups (Fig. 2b). On
the other hand, the non-covalent S--O interactions between
the thiophene bridges and the end groups also limited the ro-
tation of the end groups of both molecules. As can be seen,
all the m-conjugated species in BTP-in-4F were totally locked
into a planar conformation, which is favorable for more com-
pact molecular packing and electron delocalization. The
HOMO orbitals were mainly distributed along the central core
and thiophene bridges, while the LUMO orbitals were deloc-
alized the whole backbones of these NFAs (Fig. 2c). The
HOMO/LUMO levels were calculated to be —5.39/-3.38 eV for
BTP-out-4F and —5.16/-3.50 eV for BTP-in-4F, respectively.
The variation trends were consistent with the results from UV-
Vis-NIR and CV measurements. The results also indicated that
the minimal change by structure isomerization could result in
huge impact on the optical and energy levels of NFAs.

Photovoltaic Properties

To investigate the photovoltaic properties of these NFAs, OSCs
were fabricated and evaluated with a conventional device structure
of indium tin oxide (ITO)/poly(34-ethylene dioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS)/PBDB-T:NFA/PNDIT-F3N/Ag.
PBDB-T:NFAs solution was prepared with a D:A ratio of 1:1.2 by
weight and a total concentration of 17.6 mg-mL™" in chloroform
(CF). The detailed device fabrication procedure was presented in
ESI.
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Fig. 2 The rotary steric energy plots between (a) the central core and thiophene bridges, and (b) the thiophene bridges and the end groups. (c)

Optimized molecular geometry and frontier molecular orbitals of the NFAs.
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For BTP-in-4F-based devices, an extremely low PCE of
0.97% was obtained because of the low V. of 0.610 V, J,. of
4.21 mA-cm~2 and fill factor (FF) of 37.74% (Fig. 3a and Table 1).
One of the main reasons could be ascribed to the unfavor-
able energy level alignment between the donor and acceptor
as discussed above. The mismatched energy level between
PBDB-T and BTP-in-4F could be circumvented by using high-
er HOMO level donors, such as PBDTT-E-T (Eyomo=5.09 eV).43!
PBDTT-E-T could also realize a good complimentary absorp-
tion with BTP-in-4F (Fig. S4 in ESI), contributing to the signifi-
cantly enhanced J,. of 24.67 mA-cm~2 and PCE of 10.17% (Fig.
S5 and Table S1 in ESI). In contrast, BTP-out-4F could match
well with PBDB-T, which enabled the simultaneously en-
hanced V,. of 0.864 V, J,. of 22.27 mA-cm~2 and FF of 69.19%,
delivering a significantly improved PCE of 13.32%. The en-
hanced V,. was originated from the higher LUMO level of
BTP-out-4F, and the significantly improved J,. and FF could
be attributed to the well-matched energy level for efficient
exciton dissociation and charge transport. The higher J,. of
BTP-out-4F-based devices was further confirmed by external
quantum efficiency (EQE) spectrum (Fig. 3b). Although BTP-

in-4F-based devices exhibited the photoresponse in a broad
range from 300 nm to 1100 nm, the low EQE values (<20%) all
over the whole absorption range led to a quite small calcu-
lated J,. of 4.05 mA-cm~2. On the other hand, the excellent
photoresponse of BTP-out-4F-based devices from 300 to 900
nm contributed to the high calculated J,. of 21.89 mA-cm—2.
The Js calculated from the EQE spectra were close to those
obtained from the current density-voltage (J-V) characteris-
tics. The results indicated that the minimal change by side
chain isomerization could have significant influence on the
photovoltaic performance of the corresponding NFAs.

The charge transport properties of the blend films were in-
vestigated by using the space charge limited current (SCLC)
method. The hole-only devices were fabricated with a struc-
ture of ITO/PEDOT:PSS/PBDB-T:NFA/Au, and the electron-only
devices were fabricated with a structure of ITO/ZnO/PBDB-
T:NFA/PNDIT-F3N/Ag. The hole mobility (uy)/electron mobil-
ity (uo) values were estimated to be 5.27x1074/4.05x10~* and
3.22x1074/1.07x10% cm2V-'.s1 for BTP-out-4F and BTP-in-
4F, respectively. The higher and much more balanced u,/u.
for BTP-out-4F based devices could contribute to more effi-
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Fig.3 (a) J-V curves and (b) EQE curves of NF-PSCs. J%3-V curves of the (c) hole-only and (d) electron-only devices.
Table 1 Photovoltaic parameters of the OSCs based on BTP-out-4F and BTP-in-4F.
NFA Vo (V) Joe (MA-cm2) Joe ? (MA-cm™2) FF (%) PCE (%)
BTP-out-4F 0.864 (0.859+0.007) © 22.27 (21.91+0.28) 21.89 69.19 (68.59+0.47) 13.32(12.91£0.27)
BTP-in-4F 0.610 (0.608+0.008) 4.21 (4.03+£0.17) 4,05 37.74 (37.24+0.29) 0.97 (0.91+0.04)

2 The J,. was calculated from EQE curves; ® The average values with standard deviations were calculated from 10 individual devices.
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cient charge transport, thus leading to higher J,. and FF va-
lues.

Morphology Studies
The isomerization effect on the molecular packing was studied
by grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements (Fig. 4). It was interesting that totally different
molecular packing behaviors of the two NFAs were observed
both in pristine and blend films. BTP-out-4F shows an obvious
edge-on packing, the (100) diffraction of BTP-out-4F was mainly
located in the out-of-plane direction with ¢,=3.88 nm™,
corresponding to the lamellar stacking distance (d)) of 16.2 A. On
the other hand, the (010) diffraction was mainly located in the
in-plane direction with g,,=17.9 nm~', corresponding to the 71-77
stacking distance (d,) of 3.51 A. In contrast, BTP-in-4F exhibits a
profound face-on packing with the (100) peak at g,,=3.38 nm-~’
(d=18.6 A) and (010) peak at g,=18.3 nm~"' (d,=3.43 A). The BTP-
out-4F has more compact lamellar packing, while BTP-in-4F has
more compact - stacking. Compared with the NFAs, the
pristine PBDB-T film coexisted edge-on packing and face-on
packing with a semicircle (100) peak at g=2.99 nm™' (d=21.0 A)
and (010) peak at g=17.3 nm~" (d,=3.63 A) preferred in the out-
of-plane direction (Fig. S3 in ESI). In the blend films, the edge-on
packing and face-on packing coexisted in PBDB-T:BTP-out-4F,
while PBDB-T:BTP-in-4F preserved high ordered face-on
packing. The face-on packing is considered to benefit the
vertical charge transport, whereas the coexisted edge-on
packing and face-on packing facilitated the three-dimensional
(3D) charge transport throughout the active blend.

Atomic force microscopy (AFM) measurements were con-
ducted to investigate the isomerization effect on the blend
morphology (Fig. 5). PBDB-T:BTP-out-4F displayed a relatively
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smooth topography with a small root mean square rough-
ness (RMS) of 2.03 nm, in which fibrillar networks could be ob-
served obviously. Such interpenetrating networks provide
substantial D/A interfaces for exciton dissociation and high-
ways for charge transport. The results explained the high J .
and FF values obtained from BTP-out-4F-based devices. In
contrast, a much coarser PBDB-T:BTP-in-4F film can be ob-
served with a larger RMS of 4.70 nm, the more grain-like do-
mains could hardly provide bicontinuous charge transport
pathways, which explained the reason that PBDB-T:BTP-in-4F
had lower charge carrier mobilities. The sever phase separa-
tion of PBDB-T:BTP-in-4F film could be ascribed to the excess-
ive aggregation of BTP-in-4F induced by the confirmation
lock effect.

Charge Recombination Dynamics

To further explore the charge recombination processes, the J,.
and V,, against the light intensity (Pign) of the NF-PSCs were
investigated and plotted (Figs. 6a and 6b).*4 As displays in
Fig. 6(a), the relationship between J; and Pygy, could be defined
as Jyc o< Piigne”. The values were 0.99 and 0.81 for BTP-out-4F and
BTP-in-4F, respectively, suggesting that the bimolecular
recombination was efficiently suppressed for BTP-out-4F based
device. Fig. 6(b) shows the relationship between Pygp and Vo,
which was a linear correlation and the slope was denoted by
kT/q. The slope values were calculated to be 1.22 kT/q and 1.68
kT/q for BTP-out-4F and BTP-in-4F, respectively, implying the
less charge-trapped recombination occurred in BTP-out-4F
based device. Moreover, the charge generation and extraction
were also detected by photocurrent (J,;) versus efficient voltage
(Ver) plots (Fig. 6).1*4! The Jy, is defined as J, — Jp, where J, and
Jp are the current densities under AM 1.5G illumination and
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(a—d) GIWAXS patterns of the pristine and blend films; (e) The corresponding in-plane and out-of-plane line-cuts.
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dark, respectively, and V. is defined as V, — V (where V, is the
voltage at which J, = Jp, respectively, and V is the applied
voltage), the charge dissociation probability (P(E,T)) can be
calculated by Jy/Js,c ratios under short-circuit conditions, the
P(E,T) of 0.95 was observed in BTP-out-4F based device, which
was higher than the corresponding device based on BTP-in-4F
(0.73). Such higher excellent charge dissociation probability for
BTP-out-4F device was the excellent explanation for its superior
J,c and FF values.

CONCLUSIONS

In conclusion, two lowly fused NFAs, named as BTP-out-4F and
BTP-in-4F, were designed and synthesized by tailoring the fused
7-ring central core of Y6 into a lowly fused 5-ring with two
octyloxythiophene bridges to form the isomeric structures. BTP-
out-4F with octyloxy side chains away from the central core
exhibits large steric hindrance, which restrains the rotational
freedom between the thiophene bridge and end group but

maintains free rotation between the central core and the
thiophene bridge. In contrast, BTP-in-4F with octyloxy side
chains close to the central core has much lower rotation
freedom due to the non-covalent SO interactions locked with
the central core, thiophene bridge and end group
simultaneously, making BTP-in-4F have higher molecular
crystallinity for excessive aggregation. BTP-in-4F exhibited
largely enhanced ICT, leading to the ultra-narrow £, of 1.07 eV
and upshifted HOMO of —5.25 eV. Such high HOMO level made
BTP-in-4F could not form favorable energy alignment with
PBDB-T, resulting in inferior PCE of 0.97% with a low J,. of 4.21
mA-cm™. In contrast, the favorable energy alignment and
suitable crystallinity of BTP-out-4F made it match well with
PBDB-T, and form ideal blend morphology for charge separation
and transport. As a result, a much higher PCE of 13.32% was
obtained with significantly improved J,. of 22.27 mA-cm=2, V. of
0.864 V and FF of 69.19%. This work provides a good example of
developing efficient lowly fused NFAs by the structural
isomerization.
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