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a b s t r a c t

Two molecules based on triptycene and perylene diimide (PDI) were designed and synthesized as non-
fullerene acceptors for organic solar cells (OSCs). The bay-substituted and the imide-substituted mole-
cules, named as TPBA and TPI, respectively, have rigid three-dimensional backbones, which improved the
morphological compatibility with the donor polymers. TPBA and TPI exhibit suitable energy levels as
acceptors and efficient absorption in the range of 450e600 nm. Their blended films with PTB7-Th dis-
played power conversion efficiencies of 2.80% and 3.64%, respectively.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Organic solar cells (OSCs) with bulk hetero junction (BHJ) ar-
chitecture are under intense study because they have the bright
future in producing low-cost large area solar cells via solution
methods on flexible substrates [1e4]. Presently, power conversion
efficiencies (PCEs) over 10% have been achieved for single junction
OSCs with fullerene derivatives as acceptors [5e10]. Fullerene de-
rivatives have plenty of advantages such as high electron affinity,
high electron mobility, isotropic charge transport and favourable
nanoscale network forming behaviours [11,12]. However, their
drawbacks could not be negligible, such as the restricted electronic
tuning ability, weak absorption in the visible region and high cost of
production and purification.

Recently, non-fullerene BHJ solar cells with PCEs >11% have
been reported, indicating the potential of non-fullerene acceptors
(NFAs) [13e18]. Among the family of NFAs, perylene diimide (PDI)
derivatives, which possess high thermal/photochemical stabilities,
efficient absorption intensity in the visible region (400e600 nm),
are one of the ideal candidates for the substitution of fullerene
).
derivatives [19e24]. However, the individual PDI molecules have
strong intermolecular interactions induced by a highly planar
conformation, which will lead to strong self-assembling and thus
the undesired large crystalline domains. Recently, great efforts have
been paid to break the self-assembling of PDI groups [25e29].
Among these methods, constructing a three dimensional (3D)
structure is an effective way to decrease the crystallinity of the PDI-
based acceptors and to form an extended p-conjugated framework,
and thus isotropic charge transport [30e35].

Herein, we report two three dimensional PDI acceptors using
triptycene as the core building block due to its unique rigid, con-
torted, fully aromatic structure. In triptycene, three aromatic ben-
zene units formed a 3D rigid paddle wheel shape, thus it could be
an ideal scaffold to place three electron acceptor units. Further-
more, photoelectron spectroscopy studies suggest that there is an
electronic communication between the three benzene units of
triptycene by homoconjugation [36e39]. This might be helpful for
better charge separation and transportation. The bay-substituted
molecule and the imide-substituted molecule were named as
TPBA and TPI, respectively (Scheme 1). The influences of molecular
geometry on the OSC performance were investigated by studying
their optical, photophysical and morphological properties in the
BHJ blended films with PTB7-Th.
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Scheme 1. The chemical structures of TPBA and TPI.
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2. Experimental section

2.1. Materials and synthesis

All reactions and manipulations were carried out under argon
atmosphere with the use of standard Schlenk techniques. All
starting materials were purchased from commercial suppliers and
used without further purification unless indicated otherwise.
Compound 1, 2, 3 and 4 were synthesized according to the litera-
ture [40e43].

2.1.1. TPBA
A solution of compounds 1 (150 mg, 0.24 mmol) and 2 (737 mg,

0.96 mmol) in toluene (45 mL) and aqueous 2 M Na2CO3 (15 mL)
was degassed twice with argon. Then Pd(PPh3)4 (50 mg,
0.043 mmol) was added and the mixture was stirred at 100 �C for
24 h under argon, after which the mixture was poured into water
(200 mL), and extracted with chloroform. The organic layer was
washed with water, and then dried over anhydrous Na2SO4. The
solvent was removed by rotating evaporator and the residue was
purified by silica gel chromatography using a mixture of CHCl3:
acetone (8:1) eluent to produce compound TPBA (204 mg, 36.8%).
1H NMR (400MHz, CDCl3): d 8.27e8.61 (m, 9H), 7.40e8.11 (m,18H),
5.54e5.70 (d, 2H), 4.42e4.59 (m, 6H), 4.14e4.15 (m, 6H), 3.93e3.98
(m, 9H), 3.41e3.59 (m, 12H), 1.78e1.99 (m, 6H), 1.25e1.35 (m, 48H),
0.84e0.98 (m, 36H). MS (MALDI-TOF): calcd for C149H152N6O18
[Mþ], 2314.83; found: 2314.11. Anal. calcd. for C149H152N6O18: C
77.24%, H 6.56%, N 3.62%, found: C 76.66%, H 6.85%, N 3.43%.

2.1.2. TPI
Compound 3 (45 mg, 0.15 mmol), compound 4 (400 mg,

0.59 mmol) and Zn(OAc)2∙2H2O (0.12 mg) were suspended in
quinoline (2 mL) and heated up at 180 �C for 24 h under argon. The
resulting brownish solution was washed with aq HCl (18%) (80 mL)
and the aqueous phase was extracted with DCM (2 � 20 mL). The
combined organic phase was dried over Na2SO4, concentrated un-
der reduced pressure and separated by column chromatography
with CHCl3: acetone (100: 1) as eluent, TPI was obtained as red solid
(yield: 57.8%, 195 mg, 0.086 mmol). MS (MALDI-TOF): calcd for
C152H158N6O12 [Mþ], 2260.91; found: 2260.17. Anal. calcd. for
C152H158N6O12: C 80.67%, H 6.98%, N 3.71%, found: C 80.75%, H
7.12%, N 3.52%.
2.2. Instruments and characterization

The 1H and 13C NMR spectra were recorded on a Bruker AV400
Spectrometer. Matrix assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF) were performed on a
Bruker Autoflex III LRF200-CID instrument. The thermo gravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were
carried out on a NETZSCH STA 409PC instrument under purified
nitrogen gas flow. The heating rate for TGA and DSC testing is 10 �C
min�1, and the cooling rate for DSC is 10 �C min�1. UVeVis spectra
were obtained with a JASCO V-570 spectrophotometer.

Cyclic voltammetry (CV) experiments were performed with a
LK2010 electrochemical workstation. All CV measurements were
carried out at room temperature with a conventional three-
electrode configuration employing a glassy carbon electrode as
the working electrode, a saturated calomel electrode (SCE) as the
reference electrode, and a Pt wire as the counter electrode.
Dichloromethane was distilled from calcium hydride under dry
nitrogen immediately prior to use. Tetrabutylammonium phos-
phorus hexafluoride (Bu4NPF6, 0.1 M) in dry dichloromethane was
used as the supporting electrolyte, and the scan rate was
100 mV s�1. The lowest unoccupied molecular orbital (LUMO) en-
ergy levels were calculated from the onset reduction potential,
using the equation ELUMO ¼ - (Ered, onset þ 4.8) eV, The HOMO en-
ergy levels were calculated from LUMO and Egopt by formula
EHOMO ¼ (ELUMO - Egopt) eV.

The geometry structures of TPBA and TPI were optimized by
using DFT calculations (B3LYP/6-31G*), and the frequency analysis
was followed to assure that the optimized structures were stable
states. All calculations were carried out using Gaussian 09.

Atomic force microscopy (AFM) was performed using Multi-
mode 8 atomic forcemicroscope in tappingmode. The transmission
electron microscopy (TEM) investigation was performed on Philips
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Technical G2 F20 at 200 kV. The specimen for TEM measurement
was prepared by spin casting the blend solution on ITO/PEDOT:PSS
substrate, then floating the film on awater surface, and transferring
to TEM grids. Photoluminescence characterization is carried out
using a FluoroMax-P luminescence spectrometer using a xenon
lamp as the source of excitation. The excitation wavelength is
460 nm.

Space charge limited current (SCLC) mobility was measured
using a diode configuration of ITO/PEDOT:PSS/PTB7-Th:TPBA (TPI)/
Au for hole mobility and glass/Al/PTB7-Th:TPBA (TPI)/Al for elec-
tron mobility and fitting the results to a space charge limited form,
where SCLC equation is described by:

J ¼ 9ε0εrm0V
2

8L3
exp

 
0:89b

ffiffiffiffi
V
L

r !

where J is the currentdensity, L is thefilm thicknessof the active layer,
m0 is themobility, εr is the relative dielectric constant of the transport
medium, ε0 is the permittivity of free space (8.85� 10�12 Fm�1), V (¼
Vappl - Vbi) is the internal voltage in the device, where Vappl is the
applied voltage to the device and Vbi is the built-in voltage due to the
relative work function difference of the two electrodes.
2.3. Solar cell fabrication and testing

The deviceswere fabricatedwith a structure of glass/ITO/PEDOT:
PSS/PTB7-Th: acceptors/ETL/Al. The ITO-coated glass substrates
were cleaned by ultrasonic treatment in detergent, deionizedwater,
acetone, and isopropyl alcohol under ultra-sonication for 15 min
each and subsequently dried by a nitrogen blow. A thin layer of
PEDOT: PSS (Clevios P VP AI 4083, filtered at 0.45 mm) was spin-
coated at 4000 rpm onto ITO surface. After baked at 150 �C for
20 min, the substrates were transferred into an argon-filled glove
box. Subsequently, the active layer was spin-coated from blend
chloroform solutions of PTB7-Th: TPBA (2% 1-Naphthalenethiol,
140 �C annealing 10 min) and PTB7-Th: TPI (3% 1, 8-Diiodooctane),
respectively. Finally, a thin layer of electron transport layer including
ZnOnanoparticles, PrC60-MA and PDINwere spin-coated and 80 nm
Al layer were deposited under high vacuum (<2 � 10�4 Pa). The
effective areas of cells were 4 mm2 defined by shadow masks. The
current density-voltage (J-V) curves of photovoltaic devices were
obtained by a Keithley 2400 source-measure unit. The photocurrent
wasmeasured under illumination simulated 100mWcm�2 AM1.5G
irradiation using a SAN-EI XES-70S1 solar simulator, calibratedwith
a standard Si solar cell. External quantum efficiencies were
measured using a lock-in amplifier (SR810, Stanford Research Sys-
tems). The devices were illuminated bymonochromatic light from a
150 W xenon lamp passing through an optical chopper and a
monochromator. Photon flux was determined by a calibrated stan-
dard silicon photodiode.
3. Results and discussion

3.1. Materials synthesis and characterization

The synthetic routes of TPBA and TPI are illustrated in Scheme 2,
and the detailed synthetic procedures and characterization data are
presented in the experimental section. Compound 1, 2, 3 and 4
were synthesized according to the literature, respectively [40e43].
The chemical structure and purity of TPBA was confirmed by NMR,
elemental analysis, and Time-off light (MALDI-TOF) MS. TPI didn't
show satisfying NMR spectra due to its expanded p-structure [44],
but its chemical structure and purity could be confirmed by
elemental analysis, MALDI-TOF MS and HPLC (see Figs. S7eS8 in
supporting information). These two molecules both exhibit good
solubility in chloroform.

Theoretical calculations were then performed using density
functional theory (DFT) at the B3LYP/6-31G(d) level to understand
the electron distribution in TPBA and TPI. As shown in Fig. S1, TPBA
and TPI both show non-planar 3-D structure mainly due to the
unique structure of triptycene, which could effectively avoid the
over self-aggregation of PDI unit. For TPBA molecule, low-density
p-electrons were extended to the benzene of the triptycene core,
and each PDI unit is not coplanar with the corresponding phenyl
groups in triptycene unit. The torsion angles are about 55.8�, 54.5�,
53.7�, respectively. For TPI molecule, the torsion angles are about
85.0�, 89.8�, 94.6�, but the p-electrons are only distributed on the
three PDI units because the imide-linkage blocks the extension of
electrons [45].

Thermo gravimetric analysis (TGA) results suggest that both two
molecules exhibit good thermal stability, which is necessary for the
application in OPVs (see Fig. 1). Their solid state thermal transitions
were determined by differential scanning calorimetry (DSC) anal-
ysis as shown in Fig. 1c and d. From their DSC plots, it can be seen
that no obvious melting temperatures (Tm) and recrystallization
(Tcr) points are obtained for bothmolecules, indicating that they are
not easy to crystallize.

3.2. Optical absorption and electrochemical properties

Cyclic voltammetry (CV) was performed to investigate the
electrochemical properties of TPBA and TPI (Fig. 2a and b and
Table 1). The LUMO energy levels of TPBA and TPI were estimated to
be �3.72 and �3.76 eV from the reduction potential by using the
empirical formula, ELUMO ¼ - (Ered, onset þ 4.8) eV, assuming the
absolute energy level of FeCp2

þ/0 to be 4.8 eV below vacuum. The
optical band gaps (Egopt) of TPBA and TPI are 1.96 and 2.13 eV,
respectively, which were estimated from their film absorbance cut
off wavelength. The HOMO energy levels of TPBA and TPI are
calculated to be �5.68 and �5.89 eV from their LUMO and Egopt by
formula EHOMO ¼ (ELUMO - Egopt) eV. These results suggest that both
molecules possess suitable energy levels as electron acceptors.

The UVeVis absorption spectra of TPBA and TPI are depicted in
Fig. 2c and d and their corresponding data are summarized in
Table 1. The maximum molar extinction coefficient (ε) of TPBA and
TPI are 4.8 � 104 M�1cm�1 at 571 nm and 4.42 � 104 M�1cm�1 at
530 nm in their solution state, respectively. The absorption spectra
of both TPBA and TPI in the film states were broadened compared to
the solution states. When blended with PTB7-Th donor, effective
complementary absorption covered range from 400 to 800 could be
obtained.

3.3. Photovoltaic performance

BHJ organic solar cells were fabricated using PTB7-Th as the
electron donor material and the two newmolecules as the electron
acceptorsmaterial with a device structure of ITO/PEDOT: PSS/PTB7-
Th: acceptors/ZnO/Al (Fig. 3). The optimization process of the de-
vice performance can be found in Tables S1eS8. The optimized
processing condition for PTB7-Th: TPBA based devices is D/A
weight ratio of 1: 0.8 with 2% HS-N (1-Naphthalenethiol) as addi-
tive and thermal annealing at 140 �C for 10 min. For PTB7-Th: TPI
based devices, the optimal processing condition is D/Aweight ratio
of 1: 1 with 3% DIO (1, 8-diiodooctane) as additive. The optimized
photovoltaic parameters of the two molecules based devices were
summarized in Table 2.

As shown in Fig. 4a, the TPBA based OSCs exhibited a maximum
power conversion efficiency (PCE) of 2.80% with a short circuit
current density (Jsc) of 8.03 mA/cm2, an open-circuit voltage (Voc) of



Scheme 2. The synthetic routes of molecules of TPBA and TPI.

Fig. 1. a, b) TGA plot of TPBA and TPI; c, d) DSC plots of TPBA and TPI.
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0.889 V and fill factor (FF) of 0.387. And the TPI based devices
demonstrated a maximum (PCE) of 3.64% with a Jsc of 9.63 mA/cm2,
Voc of 0.777 V and FF of 0.486. The gap between HOMO energy level
of PTB7-Th and LUMO level of TPBA is wider than that between



Fig. 2. a, b) Cyclic voltammograms of TPBA and TPI in dichloromethane solutions; c, d) UVevis absorption spectra of TPBA and TPI in chloroform solutions, thin films and blended
films with PTB7-Th.

Table 1
Optical and electrochemical data of compounds TPBA and TPI.

molecules lmax,sol [nm] εsol [M�1 cm�1] lmax,film [nm] Egopt,film [eV] HOMO [eV]a LUMO [eV]

TPBA 571 4.8 � 104 547 1.96 �5.68a �3.72
TPI 530 4.4 � 104 498, 537 2.13 �5.89a �3.76

a Calculate from ELUMO and Egopt, Egopt is calculated from film absorbance cut off wavelength.

Fig. 3. The device architecture and energy diagram of the solar cell.
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Table 2
The optimized photovoltaic performance of TPBA and TPI based devices.

molecules Voc [V] Jsc [mA cm�2] FF PCE [%]

TPBAa 0.889 8.03 0.387 2.80
TPIb 0.777 9.63 0.486 3.64

a 2% HS-N, 140 �C thermal annealing.
b 3% DIO.

Fig. 4. a) Characteristic current density versus voltage (J-V) curves of the optimized devices based on TPBA and TPI under simulated AM 1.5 G irradiation (100 mW cm�2). b) The
external quantum efficiency (EQE) curves of the optimized devices.
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PTB7-Th and TPI, which leads to a higher Voc of TPBA. The offset
between LUMO level of PTB7-Th and LUMO level of TPBA is nar-
rower than that between PTB7-Th and TPI. The stronger electron
transport driving force contributed to the increased Jsc and FF
values. Fig. 4b shows the external quantum efficiency (EQE) spectra
of the optimum devices. The EQE responses covered a wavelength
Fig. 5. Tapping-mode AFM height images of (a, b) PTB7-Th: TPBA (1: 0.8, w/w); (c, d) PTB7-
show the PTB7-Th: TPBA blend films with 2% HS-N as additive and thermal annealing at 14
range from 300 to 800 nm, the maximum EQE value of TPBA and
TPI reaching 38% and 49% and their Jsccal that calculated from EQE are
8.00 and 9.56, respectively, which are consistent with those from
the J-V measurements (within 5% mismatch).

The active layer morphologies were measured by atomic force
microscopy (AFM) and transmission electron microscopy (TEM). As
shown in Fig. 5, it is found that the as-cast films of PTB7-Th:TPBA
and PTB7-Th:TPI show root-mean-square (rms) surface roughness
of 2.55 and 2.28 nm, respectively, and the rms roughness of their
optimized films decrease to 0.68 and 0.62 nm, which reveals that
the optimized films are smooth with high quality. TEM studies
(Fig. 6) showed that without any treatment, both PTB7-Th:TPBA
and PTB7-Th:TPI blend films show no obvious phase separation of
Th: TPI (1: 1, w/w). (Panels a, c show the blend films without post-treatment; panels b
0 �C for 10 min; panels d show the PTB7-Th: TPI blend films with 3% DIO as additive).



Fig. 6. TEM images of (a, b) PTB7-Th: TPBA (1: 0.8, w/w); (c, d) PTB7-Th: TPI (1: 1, w/w). (Panels a, c show the blend films without post-treatment; panels b show the PTB7-Th: TPBA
blend films with 2% HS-N as additive and thermal annealing at 140 �C for 10 min; panels d show the PTB7-Th: TPI blend films with 3% DIO as additive).
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the donor and acceptor, which could be unfavorable for charge
transport, thus leading to low Jsc and FF. After post treatments, the
PTB7-Th:TPBA blend films showed a larger domain size of 5e10 nm
than their pristine films, and PTB7-Th:TPI blend films exhibited
homogeneous interpenetrating networks with a domain size of
10e20 nm, the domain size of PTB7-Th:TPI blend films is closer to
the exciton diffusion length, and leading to a better device perfor-
mance than PTB7-Th:TPBA based devices.

The molecular packing states of pure TPBA and TPI films were
studied by X-ray diffraction (XRD) analysis (Fig. S2). There are no
clear peaks in the XRD patterns of these two molecules, indicating
their amorphous nature, which illustrate constructing three
dimensional (3D) structure is an effective way to decrease the
crystallinity of the PDI-based acceptors.

The mobilities of the optimized devices were measured by the
space charge limited current (SCLC) method (Fig. S3). The hole and
electron mobilities for TPBA-based devices are 4.03 � 10�5 and
6.53� 10�5 cm2V�1 s�1, respectively. For TPI based devices, the hole
and electronmobilities are 5.43� 10�5 and 7.98� 10�5 cm2 V�1 s�1,
respectively. The low charge carrier mobilities are detrimental for
charge transport and collection, thus lead to their low Jsc and FF
values, which are contributed to the overall low device
performances.
4. Conclusion

In conclusion, we have synthesized two 3D acceptor molecules
based on triptycene and perylene diimide (PDI). When blended
with PTB7-Th, TPBA based devices exhibited a maximum power
conversion efficiency of 2.80% with a Jsc of 8.03 mA/cm2, Voc of
0.889 V and FF of 0.387. And the TPI based devices demonstrated a
maximum power conversion efficiency of 3.64% with a Jsc of 9.63
mA/cm2, Voc of 0.777 V and FF of 0.486. They all have 3D inter-
locking geometry, which improve the morphological compatibility
with the donor polymers, yielded smooth and homogeneous blend
thin films that favoured the interpenetrating BHJ morphology.
These results demonstrate that constructing 3D electron-accepting
materials is one of effective ways to achieve efficient photovoltaic
performances.
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