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There has been significant progress with regard to research on nonfullerene small molecule acceptors
(SMAs) during the past several years. Typically, high-performance nonfullerene SMAs are based on
symmetric A-D—-A or A—-m—D-m—A structural frameworks. In this study, a novel asymmetric nonfullerene
SMA, TTPT-T-2F, with an A-D-m—A structure is rationally designed and synthesized. In addition,
a symmetric A-D-A-type nonfullerene SMA, IT-2F, and a symmetric A-t—-D-m—A-type nonfullerene
SMA, T-TPT-T-2F, are also synthesized for comparison. When PBT1-C is employed as a polymer donor,
a promising power conversion efficiency (PCE) of 12.71% is achieved for TTPT-T-2F-based organic solar
cells (OSCs), which surpasses those of devices based on IT-2F (PCE = 10.54%) and T-TPT-T-2F (PCE =
10.71%). Favorable phase separation toward efficient and more balanced charge transport accounts for
the higher PCE achieved in the PBT1-C:TTPT-T-2F device. Our results demonstrate that a small
molecule acceptor with an A-D-m—A structural framework is a promising class of nonfullerene
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Introduction

Organic solar cells (OSCs) have attracted considerable research
interest because of their distinct advantages, including low
manufacturing cost, light weight, semi-transparency, and
mechanical flexibility."* In the past decades, fullerene deriva-
tives have been the dominant electron acceptors in OSCs.>”
Nevertheless, the intrinsic drawbacks of fullerenes such as weak
absorption in the visible spectral region, difficulty in chemical
modification, and poor thermal stability impede the further
development of OSCs.*® Therefore, in recent years, considerable
effort has been focused on designing nonfullerene small
molecule acceptors (SMAs), which can address these disad-
vantages of fullerene derivatives.’*'> To date, state-of-the-art
OSCs based on nonfullerene SMAs have achieved power
conversion efficiencies (PCEs) of over 15%,"'* thus greatly
outperforming fullerene-based devices.

Among the various nonfullerene SMAs, nonfullerene SMAs
with acceptor-donor-acceptor (A-D-A) configurations have
been widely studied in OSCs."* Typically, A-D-A-type
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nonfullerene SMAs have three components: an electron-
donating fused-ring core (D), an electron-accepting terminal
(A), and outstretched side chains. Through chemical modifica-
tion of the central D unit,'** side chain,**?* and/or terminal A
unit,”*** numerous A-D-A-type nonfullerene SMAs have been
reported. In addition, several research groups have explored the
insertion of aromatic ww-bridging units between D and A units in
A-D-A-type nonfullerene SMAs (A-w-D-7-A) to tune the elec-
tronic and optical properties. For example, Bo et al. used alkoxy-
substituted benzene as a w-bridging unit to synthesize an A-mt—
D-7m-A-type nonfullerene SMA, IDT-BOC6, in which non-
covalent intramolecular interaction was introduced to
improve the PCE.** Hou et al. reported an A-m-D-m-A-type
nonfullerene SMA, IEICO-4F, with an ultra-narrow optical
bandgap by introducing two -bridging alkoxy-substituted
thiophene units.*> Zhu et al. reported an A-m-D-m-A-type
nonfullerene SMA, ATT-2, with thieno[3,4-b]thiophene bearing
a quinoidal structure as the m-bridging unit, which showed
a PCE of 9.58% in OSCs with PTB7-Th as the polymer donor.**
These results suggest that introducing aromatic m-bridging
units into A-D-A-type nonfullerene SMAs is an effective strategy
to modify the optical and electronic properties of nonfullerene
SMAs. Recent research has indicated that some asymmetric A~
D-A-type nonfullerene SMAs can achieve better photovoltaic
performance than the corresponding symmetric A-D-A-type
nonfullerene SMAs.**3¢

Inspired by the aforementioned results, we first report
a novel asymmetric A-D-7-A-type nonfullerene SMA (NFA). As
shown in Fig. 1, when a molecular cutting strategy is used to

This journal is © The Royal Society of Chemistry 2019
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Fig.1 (a) Molecular design strategy and chemical structures of IT-2F,
TTPT-T-2F, and T-TPT-T-2F and (b) the chemical structure of PBT1-C.

remove one thiophene unit from the outside thieno[3,2-b]thio-
phene in an indacenodithienothiophene (IDTT) skeleton,*” an
asymmetric TPTT*® derivative (TTPT-T) with a D-7 structure can
be developed as an analog of IDTT. Then, another thiophene
unit is removed from the thieno[3,2-b]thiophene in the TPTT
derivative, which leads to a symmetric indacenodithiophene
(IDT) derivative (T-TPT-T) with a w-D-mt structure. These three
building blocks have the same numbers of aromatic rings but
have different conjugated fused-ring structures. We then design
and synthesize an A-D-1-A-type asymmetric nonfullerene SMA,
TTPT-T-2F, with an asymmetric TTPT unit as the central
electron-donating core as well as a monofluorinated 1,1-
dicyanomethylene-3-indanone (IC) group as terminal electron-
accepting unit and a thiophene as a m-bridging unit. For
comparison, the A-D-A-type symmetric nonfullerene SMA IT-2F
with a fully fused-ring core and the A-t—-D-1t-A-type symmetric
nonfullerene SMA T-TPT-T-2F with a lower fused-ring core and
two m-bridging units are also synthesized. From IT-2F to TTPT-
T-2F and then to T-TPT-T-2F, the decreased fused-ring structure
and increased m-bridging units result in red-shifting absorption
spectra, elevating molecular energy levels, improving electron
mobility and increasing intermolecular m-m stacking. When
PBT1-C is used as the donor,*® OSCs based on IT-2F, TTPT-T-2F,
and T-TPT-T-2F yield PCEs of 10.54%, 12.71%, and 10.71%,
respectively. The efficient and more balanced charge transport
in the blend film contributed to the achieved high PCE in PBT1-
C:TTPT-T-2F devices. These results demonstrate that A-D-m-A-
type nonfullerene SMAs can represent a brand-new class of
nonfullerene SMAs for the fabrication of high-efficiency OSCs.

Results and discussion

The chemical structures of IT-2F, TTPT-T-2F, and T-TPT-T-2F
are shown in Fig. 1a. IT-2F was synthesized according to the
reported literature.*® The synthetic routes of TTPT-T-2F and T-
TPT-T-2F are illustrated in Scheme S1,f and detailed experi-
mental procedures are presented in the ESIL.T For the synthesis
of TTPT-T-2F, compound 1 was reacted with [2,2-bithiophen]-5-
yltributylstannane through a Stille coupling reaction to obtain
compound 2. Subsequently, compound 2 was subjected to
double nucleophilic addition with 4-hexylbenzene magnesium
bromide to produce two benzyl alcohols, which was followed by
an intramolecular Friedel-Crafts reaction to obtain an asym-
metric building block, TTPT-T. Then, two formyl groups were
introduced into TTPT-T to produce TTPT-T-CHO, which was
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followed by a Knoevenagel condensation reaction with mono-
fluorinated IC end-capping groups to produce the final target
TTPT-T-2F. Similar synthetic routes were used to obtain T-TPT-
T-2F. These three nonfullerene SMAs all showed excellent
solubility in common organic solvents such as chloroform and
chlorobenzene at room temperature, thus ensuring efficient
formation of a spin-coated film through solution processing.
Density functional theory (DFT) calculations were performed
to understand the geometric conformations and electron
distributions of frontier molecule orbitals of the three non-
fullerene SMAs at the B3LYP/6-31G (d, p) level. As shown in
Fig. S1,T the optimized molecular backbones of the three non-
fullerene SMAs all exhibited nearly planar conformations,
which should be beneficial for charge transport. For all struc-
tures, the highest occupied molecular orbital (HOMO) was
mainly localized on the central donor unit, whereas the lowest
unoccupied molecular orbital (LUMO) was delocalized along
the entire conjugated backbone. However, the distribution
properties of LUMOs over terminal groups were different for the
three nonfullerene SMAs. The delocalization degrees of the
LUMO over the terminal groups followed the order of IT-2F >
TTPT-T-2F > T-TPT-T-2F. In addition, the HOMO/LUMO energy
levels were determined to be —5.55/—3.43 eV for IT-2F, —5.46/
—3.40 eV for TTPT-T-2F, and —5.37/—3.39 eV for T-TPT-T-2F.
UV-Vis absorption measurements were conducted to inves-
tigate the photo-physical properties of the three nonfullerene
SMAs. The normalized absorption spectra of the three non-
fullerene SMAs in diluted chlorobenzene solution and thin
films are depicted in Fig. 2. All molecules showed similar
absorption profiles both in solution and thin films. With the
increase in the number of -bridging units in the three non-
fullerene SMAs, the maximum absorption peaks and the
absorption spectra in total were all gradually red-shifted, which
may derive from the fact that the emergence of thiophene -
bridging units could efficiently extend the conjugation length
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Fig.2 Absorption spectra of the three nonfullerene SMAs (a) in diluted
chlorobenzene solution and (b) in films; (c) cyclic voltammograms of
the three nonfullerene SMAs; (d) energy level diagram of PBT1-C and
the three nonfullerene SMAs.

J. Mater. Chem. A, 2019, 7, 19348-19354 | 19349


https://doi.org/10.1039/c9ta06476a

Published on 29 July 2019. Downloaded on 9/3/2019 12:08:05 PM.

Journal of Materials Chemistry A

and thus lead to bathochromic behavior.*® IT-2F, TTPT-T-2F,
and T-TPT-T-2F exhibited absorption peaks at 677, 688, and
700 nm in solution, and 720, 737 and 749 nm in films, respec-
tively. From solution to film, the three nonfullerene SMAs
showed broader absorption spectra and all the maximum
absorption peaks displayed a distinct red-shift, suggesting the
existence of strong intermolecular interactions in the solid state
for the three nonfullerene SMAs.** The film onset absorption
wavelengths of IT-2F, TTPT-T-2F, and T-TPT-T-2F were 789, 805,
and 822 nm, which corresponded to the optical bandgaps of
1.57, 1.54, and 1.51 eV, respectively. Cyclic voltammetry
measurements were employed to investigate the electro-
chemical properties of the three nonfullerene SMAs. As depic-
ted in Fig. 2c, the onset oxidation/reduction potentials of IT-2F,
TTPT-T-2F, and T-TPT-T-2F relative to Ag/AgCl were measured to
be 1.31/-0.34, 1.24/—0.36, and 1.14/—0.37 V, respectively.
Regarding the external standard ferrocene, it showed an onset
oxidation potential of 0.44 V. Therefore, the corresponding
HOMO/LUMO energy levels of IT-2F, TTPT-T-2F, and T-TPT-T-
2F were estimated to be —5.67/—4.02, —5.60/—4.00, and
—5.50/—3.99 eV, respectively, agreeing well with the variation
trend of DFT calculations. The fact that HOMOs and LUMOs
gradually increased from IT-2F to TTPT-T-2F and then to T-TPT-
T-2F with an increase in the number of thiophene 7-bridges
indicates that introducing the proper number of m-bridges is
a feasible and effective strategy to precisely manipulate the
frontier orbital energy levels of nonfullerene SMAs. The corre-
sponding optical and electrochemical data are summarized in
Table 1.

To evaluate their photovoltaic performances, OSCs with an
inverted structure of ITO/ZnO/active layer/MoO;/Ag were fabri-
cated. A wide-bandgap polymer donor PBT1-C (Fig. 1b) was
employed as the donor because PBT1-C possesses a comple-
mentary absorption range with the three nonfullerene SMAs.
The active layer morphology was systematically optimized as
a function of various processing conditions including donor/
acceptor ratios, the content of the DIO additive, and thermal
annealing temperatures. The detailed device results are pre-
sented in Fig. S2-S4 and Table S1-S3.1 The J-V curves and
corresponding photovoltaic data of the optimized devices are
depicted in Fig. 3a and Table 2. TTPT-T-2F-based devices had
the highest PCE of 12.71% with an open-circuit voltage (V) of
0.915 V, a short-circuit current density (J,.) of 18.50 mA cm 2,
and a fill factor (FF) of 75.1% under the optimal conditions of
a donor/acceptor (D/A) ratio of 1 : 1.5, DIO additive at 0.5% by
volume and 100 °C thermal annealing (TA) temperature. Under
the optimal conditions of a D/A ratio of 1 : 1, no additives and

Table 1 Optical and electrochemical properties of the three NFAs
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Fig. 3 (a) J-V curves and (b) EQE curves of the optimized devices
based on the three nonfullerene SMAs. The evolution of (c) Jpn versus
Ve and (d) Jsc versus light intensity (P).

130 °C TA temperature, IT-2F-based devices displayed a PCE of
10.54% along with a V,. of 0.902 V, a J,. of 16.50 mA cm ™2, and
a FF of 70.8%, whereas T-TPT-T-2F-based devices showed a PCE
of 10.71% with a V,. of 0.933 V, a Jo. of 17.10 mA cm ™2, and a FF
of 67.1%. The superior photovoltaic performances mainly
originating from the high Js. and FF values for TTPT-T-2F-based
OSCs demonstrated the rational feasibility for application of A-
D-7m-A-type asymmetric nonfullerene SMAs in the field of OSCs.
Intriguingly, PCEs and other photovoltaic parameters of devices
based on PBT1-C:IT-2F and PBT1-C:T-TPT-T-2F significantly
decreased with the addition of DIO, which might be related to
the formation of unfavorable morphology induced by the
function of additives.*»** Thus, the optimal conditions for IT-
2F-based and T-TPT-T-2F-based devices were at the D : A ratio
of 1 : 1 with thermal treatment at 130 °C. The thermal stability
of the devices was tested by heating the blend films under the
optimal conditions at 100 °C. After continuous heating for
480 min, the PCEs and the other photovoltaic parameters of the
three devices did not exhibit a decreasing trend (Fig. S57),
indicating that all the active layers possess excellent morpho-
logical stability. The variation trend of V,. for the three non-
fullerene SMA-based OSCs was consistent with their LUMO
levels, as the value of V. in OSCs is related to the offset of the
HOMO of the donor and LUMO of the acceptor.***¢

The corresponding external quantum efficiency (EQE) curves
of the three nonfullerene SMA-based devices are displayed in
Fig. 3b. The onset wavelengths for photo-responses of the three

NFA Amax” [nm] Amax” [nm] Jonset” [nm] EPP [eV] Eox [V] HOMO [eV] Erea [V] LUMO [eV]
IT-2F 677 720 789 1.57 1.31 —5.67 —0.34 —4.02
TPTT-T-2F 688 737 805 1.54 1.24 —5.60 —0.36 —4.00
T-TPT-T-2F 700 749 822 1.51 1.14 —5.50 —0.37 —3.99

“ 1n chlorobenzene solution. ? In a thin film drop cast from the chlorobenzene solution. ¢ Estimated using the empirical formula: Egp‘ =1240/Aonset
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Table 2 Photovoltaic parameters of the three nonfullerene SMA-based
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devices under optimal conditions

NFA Voe (V) Jse (MA cm™?) Jse,cal (MA em™?) FF (%) PCE* (%)

IT-2F 0.902 (0.897 =+ 0.006) 16.50 (16.23 + 0.17) 15.97 70.8 (69.6 + 1.3) 10.54 (10.13 + 0.33)
TTPT-T-2F 0.915 (0.910 =+ 0.004) 18.50 (18.32 + 0.14) 17.70 75.1 (75.0 & 0.6) 12.71 (12.51 + 0.14)
T-TPT-T-2F 0.933 (0.931 =+ 0.001) 17.63 (17.21 + 0.17) 16.57 67.1 (66.0 & 1.0) 10.71 (10.58 + 0.09)

“ Average values with standard deviations were obtained from 20 devices.

curves increase in the order of PBT1-C:T-TPT-T-2F > PBT1-
C:TTPT-T-2F > PBT1-C:IT-2F, which is consistent with the
variation trend of onset wavelengths of absorption for the three
nonfullerene SMAs. Of the three nonfullerene SMA-based
devices, TTPT-T-2F-based devices exhibited the best photo-
response with a maximum EQE approaching 75% at
~710 nm and a high EQE over 70% in the range of 540-740 nm,
thus obtaining the highest integrated current of 17.70 mA
cm >, By contrast, the maximum EQE values for IT-2F-based
and T-TPT-T-2F-based devices were 70.93% at ~710 nm and
67.03% at ~650 nm, respectively. Although the T-TPT-T-2F-
based devices exhibited the lowest EQE across the entire
overlapping photo-response ranges of the three nonfullerene
SMA-based devices, the broadest EQE range contributed to its
higher integrated current of 16.57 mA cm™ > as compared to
that (15.97 mA cm ?) of IT-2F-based devices with modest
photo-response and medial EQE values. These integrated
current values were consistent with device measurement values
within a mismatch of 5%.

Space charge limited current (SCLC) measurements were
employed to estimate the hole and electron mobility of the
three nonfullerene SMAs and their blend films to study the
charge transport properties of the optimized devices. The
corresponding detailed data are presented in Fig. S6 and Table
S4.7 For the pristine NFA films, from IT-2F to TTPT-T-2F and
then to T-TPT-T-2F, the average electron mobilities (u.) grad-
ually increased and the corresponding u. values were
measured to be 3.26 x 107, 6.59 x 10™*, and 7.72 x 10~* cm?
V™! s7', respectively. However, for the blend films, the w.
values of PBT1-C:IT-2F, PBT1-C:TTPT-T-2F, and PBT1-C:T-TPT-
T-2F were reduced to 1.89 x 10 %,3.55 x 10 %, and 1.16 x 10™*
em”® V' s respectively. We speculated that the lower w. of
PBT1-C:IT-2F and PBT1-C:T-TPT-T-2F compared to that of
PBT1-C:TTPT-T-2F may be relevant to the different miscibility
and resulting blend morphology of the three nonfullerene
SMAs with the donor PBT1-C. Therefore, we carried out contact
angle measurements (Table S51) by using liquid drops of water
(Awater) and glycerol (6g;), and the surface energies (y) were
calculated using the Wu model.*” As shown in Table 3, the
surface energies of IT-2F, TTPT-T-2F and T-TPT-T-2F were 27.8,
25.8, and 27.4 m] m ™2, respectively. With respect to the donor
material, PBT1-C possesses a surface energy of 27.2 mJ m 2.
The surface energy differences (Ay) between IT-2F, TTPT-T-2F,
and T-TPT-T-2F NFAs and the PBT1-C donor were 0.6, 1.4, and
0.2 mJ m~2, respectively. The higher Ay values of TTPT-T-2F
than of IT-2F and T-TPT-T-2F when blended with PBT1-C
may induce lower miscibility, which probably suggested

This journal is © The Royal Society of Chemistry 2019

a higher domain purity and thus benefited the formation of
excellent charge transport channels, finally leading to the
higher u. value for the TTPT-T-2F-based blend. Hence, the
blend film based on PBT1-C:TTPT-T-2F exhibited the highest
hole (u, = 1.18 x 107> em® V™' s7') and electron mobility as
well as the most balanced (un/me = 3.32) charge transport,
which are beneficial to reducing bimolecular recombination
and facilitating charge transport to the corresponding elec-
trodes. This is also consistent with the highest FF values ob-
tained in the corresponding OSCs.

The dependence of photocurrent density (J,,) on effective
voltage (V.g) was measured to investigate photon harvesting
and exciton dissociation characteristics. The J,}, is defined as
Joh =Ji. — Jo, where J;, and J, represent the circuit density under
illumination and dark conditions, respectively. In addition, the
Vetr is defined as Vegr = Vo — Vpias, Where V, is the voltage at
which J1, is zero and V4 is the external bias voltage.** Mobile
charge carriers move rapidly toward the corresponding elec-
trodes with minimum recombination at a sufficiently high
effective voltage, resulting in the formation of a saturated
photocurrent density (Js.). As shown in Fig. 3c, all the three
nonfullerene SMA-based devices reached the Ji,; at Vo = 2 V,
indicating that the excitons dissociated efficiently into mobile
charge carriers and were collected by electrodes. The Jg, values
of IT-2F-, TTPT-T-2F-, and T-TPT-T-2F-based devices were
measured to be 17.10, 18.85, and 18.08 mA cm >, respectively,
which suggests that TTPT-T-2F-based OSCs have the strongest
photo-harvesting capabilities. The exciton dissociation proba-
bilities (Pgiss) could be calculated from the j,;, under short-
circuit conditions divided by the Jg Therefore, the Pgjss
values for IT-2F-, TTPT-T-2F-, and T-TPT-T-2F-based OSCs were
calculated to be 95.26%, 97.08%, and 93.03%, respectively.
Thus, the fact that TTPT-T-based OSCs had the highest Pg;ss in
contrast to the other two nonfullerene SMA-based OSCs could
lead to obtaining the highest J.

Table 3 Contact angles of nonfullerene SMAs and PBT1-C and their
corresponding surface energies

Y
Materials Owater (°) 01 (°) (mJ em™?) Ay® (m] em™?)
IT-2F 95.95 79.91 27.8 0.6
TTPT-T-2F 94.74 81.58 25.8 1.4
T-TPT-T-2F 95.32 79.91 27.4 0.2
PBT1-C 100.51 83.31 27.2

“ The surface energy differences between NFAs and PBT1-C.
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To investigate the behavior of charge separation and
recombination, the evolutionary trend of J,. versus light inten-
sity (P) was measured. The relationship between the /. and P
obeys the following exponential relation: J,. o« P“, where
a denotes the degree of bimolecular recombination. Under
given circumstances, if all the carriers dissociated by photo-
generated excitons were collected prior to recombination,
a should be equal to 1; otherwise, the fact that « < 1 indicates
the existence to a certain extent of bimolecular charge recom-
bination.*” As shown in Fig. 3d, the « values for PBT1-C:IT-2F,
PBT1-C:TTPT-T-2F, and PBT1-C:T-TPT-T-2F blends were
measured to be 0.973, 0.974, and 0.979, respectively. These
results indicate that negligible bimolecular recombination
existed in all three nonfullerene SMA-based devices under
short-circuit conditions.>

Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) were performed to investigate the
morphology of all three nonfullerene SMA-based blend films.
The AFM phase images for the three SMA-based blend films
under different post-treatment conditions are shown in
Fig. S7.f AFM and TEM images under optimal conditions are
shown in Fig. 4. In terms of the PBT1-C:TTPT-T-2F film,
compared with the as-cast film, the addition of DIO from 0.25%
to 1% has less influence on the morphology as a clear inter-
penetrating fibril network morphology can be found for all the
films. And the device based on the PBT1-C:TTPT-T-2F film with
0.5% DIO shows a relatively high PCE of 10.86%. After thermal
annealing at 100 °C for 10 min, clear interpenetrating fibril-like
network channels with an increasing fibril diameter were
observed in the AFM phase image. And the corresponding
device showed a high PCE of 12.71%. In contrast, upon addition
of DIO into PBT1-C:IT-2F and PBT1-C:T-TPT-T-2F, both blend
films exhibited excessive phase separation with overlarge

Height 2.0um 00  Phase  20um

Fig. 4 AFM height and phase and TEM images: (a—c) PBT1-C:IT-2F,
(d-f) PBT1-C:TTPT-T-2F, and (g—i) PBT1-C:T-TPT-T-2F blend films.
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aggregation phases compared to their corresponding as-cast
blend films, which is unfavorable for charge transport, well
consistent with the change of the photovoltaic performance. For
the optimal blend films after appropriate thermal annealing
(Fig. 4), clear and more robust fibril-like interpenetrating
network channels were formed, which should be responsible for
efficient charge separation and transport.”* TEM images also
showed uniformly distributed donor/acceptor phases and
appropriate phase separation sizes favorable to exciton split-
ting, thus resembling the AFM images.

Grazing incident wide-angle X-ray scattering (GIWAXS)
measurements were employed to investigate the behavior of
molecular packing and crystallinity for the neat acceptors and
blend films. The corresponding two-dimensional scattering
patterns and line-cuts are displayed in Fig. 5. All three non-
fullerene SMAs in neat films preferred to adopt a face-on
orientation with strong (100) scattering in the in-plane (IP)
direction and a distinct (010) scattering peak in the out-of-plane
(OOP) direction. Moreover, the scattering intensity of the (010)
m-1 stacking peak in the OOP direction gradually increased
from IT-2F to TTPT-T-2F and to T-TPT-T-2F, suggesting that the
molecular packing is gradually enhanced, which is desirable for
efficient charge transport and coincides with the variation trend
of electron mobilities of pristine films. As shown in Fig. S8,
PBT1-C exhibited a sharp (100) lamellar stacking peak in the IP
direction and a well-defined (010) 7w— stacking peak in the OOP
direction, suggesting a dominant face-on orientation. After
PBT1-C was blended with the three nonfullerene SMAs, the
preferable face-on orientation, which is beneficial for vertical
charge transport, was still maintained in all the blend films.
Nevertheless, compared to the relatively higher miscibility
between two nonfullerene SMAs (IT-2F and T-TPT-T-2F) and the
donor PBT1-C, the lower miscibility between TTPT-T-2F and
PBT1-C enabled TTPT-T-2F-based blend films to have the
strongest peak intensity of the (010) m-m stacking and the
tightest - stacking, along with the smallest d-spacing of 3.66
A in the OOP direction (see d-spacing for PBT1-C:IT-2F (3.85 A)
and PBT1-C:T-TPT-T-2F (3.75 A)). This should facilitate charge

(b)

—in plane
—— out of plane

PBT1-C:T-TPT-T-2E.

PBT1-C:TTPT-T-2F.

: : PBT1-C:IT-2F

TTPT-T-2F

: IT-2F

I PPN P PO PP O P |
0.20.406081.01.21.41.61.82.0

a (A"

vector

Intensity (a.u.)

Fig. 5 (a) 2D GIWAXS patterns and (b) corresponding line-cut profiles
of in-plane and out-of-plane scattering for IT-2F, TTPT-T-2F, and T-
TPT-T-2F and their corresponding blend films.
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transport in the vertical direction and is consistent with the
SCLC measurement results.

Conclusions

By applying a molecular cutting strategy to the IDTT skeleton,
we designed and synthesized an asymmetric nonfullerene SMA,
TTPT-T-2F, with an A-D-m-A structure. Compared to OSCs
based on the nonfullerene SMAs IT-2F and T-TPT-T-2F featuring
A-D-A and A-m-D-m-A structures, respectively, TTPT-T-2F-
based OSCs showed the highest PCE of 12.71% with a V,. of
0.915 V, a J. of 18.50 mA cm ™2, and a FF of 75.1%. The better
photovoltaic performance of TTPT-T-2F-based OSCs was mainly
attributed to the favorable phase separation toward efficient
and more balanced charge transport in the PBT1-C:TTPT-T-2F
blend. The results indicate that nonfullerene SMAs with an A-
D-m-A structure are a promising class of small molecule
acceptors that can be used to realize high-performance OSCs.
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