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Synthesis of a novel small molecule accepter with perylenediimide linked through thiophene ring with
triphenylamine is described. Introducing thiophene unit leads to extending the molecular absorption
spectrum to the range of 330 nm—700 nm. The molecule showed the lowest unoccupied molecular
orbital level (LUMO) of —3.80 eV and the highest occupied molecular orbital level (HOMO) of —5.60 eV.
The X-ray Diffraction (XRD) spectra confirmed that the molecule self-assemble in the solid phase by

edge-to-face aromatic interaction, and the addition of 1, 8-diiodooctane in the solvent can adjust its
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stacking, and thus improve the crystallinity and electron mobility. Solution-processed bulk-hetero-
junction organic solar cells constructed using the small molecule as acceptor and the polymer of PBDTTT-
C-T as donor showed the best efficiency of 1.92%.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Solution-processed bulk heterojunction (BH]J) organic solar cells
(0SCs) have become a research hotspot in recent two decades,
because they have the advantages of low-cost, light-weight, and
flexibility. In recent years, many encouraging results have been
reported in the literature [1]. For example, the best power con-
version efficiencies (PCEs) of the polymer electron donor and
fullerene electron acceptor system have achieved 10—11% [2—4],
the efficiency of organic small molecule donor and fullerene
acceptor system has now reached about 10% [5—7]. These high
efficient results are obtained on the basis of the donor materials. In
fact, the acceptor material is equally important to the high perfor-
mance OSCs. However, the development of acceptor materials is
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relatively slow. At present, fullenrence derivatives are widely used
as electron acceptors in OSCs due to their excellent electric prop-
erties [8]. However, there are some insufficiencies that limit its
further development, such as weak absorption in the visible region,
difficult purification procedures and limited energy level variation.
On the other hand, organic small molecules have structure and
chemical multiplicity, increase probability to broaden solar spectral
coverage, purifying and adjusting energy level. Therefore, many
researchers are now working on the non-fullerene acceptor mate-
rials researches [9—14]. The efficiency of non-fullerene acceptor
materials began to develop rapidly since the year 2010. The PCE
value first broke through 2% at the end of 2010 [15] and further
break through 4% in 2013 [16]. Recently, the PCE of solar cells based
on the non-fullerene acceptor has been boosted to 7—8% [17—19].
Compared with fullerene acceptors, however, non-fullerene ac-
ceptors are still at the infant stage, and more novel non-fullerene
acceptors should be explored.

Perylene diimides (PDIs) is a kind of widely used acceptor unit
with excellent photoelectric properties, electron affinity, high
electron mobility, light stability, thermal stability, and chemical
stability [20]. However, PDI molecules have a strong aggregation
ability which is easy to form large size crystal phase [21]. Thus, it is
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difficult to blend with the donor materials to form interpenetrating
network structure as bulk heterojunction requirement. Therefore, it
often links alkyl, attracting/donating electron group or aromatic
system to the amide N or the bay region of PDI molecule, with the
aim of adjusting the properties of the molecules [22—-27]. For
example, using the donor units such as thiophene [28], TPA [29]
couples to the waist of PDI molecules. Conjugating these aromatic
with the aromatic ring of PDI leads to extending the conjugation
length and expanding the molecular absorption range. At the same
time, the introduction of these donor units can adjust the HOMO/
LUMO energy levels of the molecule, and achieve fine tuning donor/
acceptor (D/A) pairs with matched energy. Moreover, it can weaken
the aggregation ability of PDI derivatives, adjust crystallinity, offer
the acceptor not only a good film forming property, and maintain
sufficient electron mobility in the blend film as well. In the end,
researchers employed a solvent additive, such as 1, 8-diiodooctane
(DIO), to control the morphology of the active layer, so finally
optimizing the performance of a BHJ device [30—32]. In recent
years, many high efficient PDI acceptor materials have been
developed following the above-mentioned principle [16,19,33].

In this paper, we reported the synthesis of a novel star-shaped
perylenebisimide small molecule, namely TPA(T-PDI-EG)3;, which
was based on perylenediimide, triphenylamine (TPA) and thio-
phene. This molecule showed excellent absorption on broad solar
spectral coverage, and matched the energy level of polymer donor
PBDTTT-C-T. Above all, we found the small molecules assembling in
the solid phase with edge-to-face aromatic interaction, and then
studied the aromatic interaction's adjust mechanism of 1, 8-
diiodooctane (DIO) additive. Moreover, we used TPA(T-PDI-EG)3
as acceptor and PBDTTT-C-T as donor to fabricate non-fullerene
0OSCs, and carried out an investigation of the blend film
morphology, mobility and photoelectric properties.

2. Experimental section
2.1. Measurements and characterization

TH NMR and "®C NMR spectrums were recorded by a Bruker
DMX-400 spectrometer with CDCl3 as a solvent and tetrame-
thylsilane as an internal reference. MALDI-TOF mass spectra were
recorded by a Bruker BIFLEX III. Elemental analysis was performed
on a flash EA1112 analyzer. The electrochemical cyclic voltammetry
(CV) was performed using a Zahner IM6e electrochemical work-
station in a 0.1 mol/L tetrabutylammonium hexafluorophosphate
(BugNPFg) dichloromethane (DCM) solution with a scan speed at
50 mV/s. A Pt wire and Ag/AgCl were used as the counter and
reference electrodes, respectively. The reference value (Ag/AgCl),
which is used for the estimation of HOMO-LUMO energy values,
is —4.4 eV vs. vacuum. Atom force microscopy (AFM) was investi-
gated by Brucker Multimode 8 using tapping-mode with a scan
speed of 1 Hz. Transmission electron microscopy (TEM) tests were
performed on a JEM-2011F operated at 200 kV. The TEM specimens
were prepared by transferring the spin-coated films to the 200
mesh copper grids. The X-ray Diffraction (XRD) spectrum was
recorded by a Rigaku D/max-2500 diffractometer operated at 40 kV
voltage and a 200 mA current with Cu Ka radiation. The absorption
spectrum was measured on Shimadzu, Lambda750 UV—vis spec-
trophotometer. The solution spectrum was obtained using a 1 cm
optical length quartz cell and the film spectrum was obtained via
the transmission mode. The thickness of the solid films was
measured by atom force microscopy. Thermally evaporated depo-
sition was performed on a high vacuum evaporation coating ma-
chine (ZHD-300M2, Beijing Technol Science Co., Ltd.). Density
functional theory (DFT) calculations were performed with the
Gaussian 09 program, using the B3LYP functional. All-electron

double-£ valence basis sets with polarization functions 6-31G*
were used for all atoms. Geometry optimizations were performed
with full relaxation of all atoms in gas phase without solvent ef-
fects. Vibrational frequency calculations were performed to check
that the stable structures had no imaginary frequency.

2.2. Fabrication and characterization of the photovoltaic cells

Solar cell devices with a typical configuration of indium tin
oxide (ITO)/Poly (3,4-ethylenedioxythiophene): poly (styrenesul-
fonate) (PEDOT:PSS)/PBDTTT-C-T:TPA(T-PDI-EG)3/Ca/Al was fabri-
cated as follows: The ITO glass was pre-cleaned with deionized
water, CMOS grade acetone and isopropanol in turn for 15 min. The
organic residues were further removed by treating with UV-ozone
for 1 h. Then the ITO glass was modified by spin-coating PEDOT: PSS
(poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) layer,
30 nm) on it. After the ITO glasses were dried in oven at 150 °C for
15 min, the active layer was spin-coated on the ITO/PEDOT:PSS
using a blend solution of TPA(T-PDI-EG)3 and PBDTTT-C-T (30 mg/
mL in o-dichlorobenzene (0-DCB), variants with donor/acceptor
weight ratio, and different contents of DIO, respectively). Ca
(20 nm) and Al (80 nm) electrode was then subsequently thermally
evaporated on the active layer under the vacuum of 1 x 10~ Torr.
The active area of the device was 0.06 cm?, and the thicknesses of
the active films were ~90 nm. The devices were characterized under
the illumination of simulated AM 1.5 G, 100 mW/cm? using a solar
simulator (Newport Oriel 91192). The current—voltage (I-V) mea-
surement of the devices was conducted on a computer-controlled
Keithley 2400 Source Measure Unit. The EQE measurements were
performed in air using solar cell QE/IPCE measurement system
(Solar Cell Scan100, Zolix Instruments Co., Ltd.) with a scan incre-
ment of 20 nm per point.

2.3. Materials

All reagents and chemicals were purchased from commercial
sources (TCI, Acros, Sigma, or Alfa) and used without further puri-
fication except statements. Solvents (toluene and tetrahydrofuran)
were distilled by standard procedures before used for organic
synthesis. The polymer of PBDTTT-C-T (Mn = 20,000 g/mol,
PDI = ~3) was purchased from Solarmer company.

2.4. Synthesis

1 and 2 were synthesized following our reported procedure
[34,35]. A mixture of 1 (268.2 mg, 0.35 mmol) and 2 (98.3 mg,
0.1 mmol) was dissolved in dry toluene (20 mL). Catalytic amounts
of Pd[P(CgH5s)3]4 was added and the reaction mixture was stirred at
110 °C for 36 h. The mixture was extracted with dichloromethane
(DCM), washed with water. Then, DCM layer was dried over
NayS0g4. After removal of DCM, the residue was applied to chro-
matography with CHCly/ethanol (50:1) as eluents to afford the
desired products TPA(T-PDI-EG); as a black solid (148.0 mg,
0.058 mmol, yield = 58%).!H NMR (400 MHz, CDCls) 6 ppm:
9.59-8.30 (m, 18H), 7.68—7.22 (br, 18H), 4.71-4.60 (m, 6H),
4.22—3.96 (m, 12H), 4.04—3.96 (m, 6H), 3.64 (s, 9H), 2.02—1.93 (m,
6H), 1.46—1.31 (m, 48H), 1.03—0.90 (m, 36H); 3C NMR (100 MHz,
CDCl3) 6 ppm: 164.09, 163.68, 163.50, 157.20, 149.57, 147.41, 147.04,
135.30,134.19, 133.46, 132.94, 131.68, 131.48, 130.61, 130.24, 129.38,
128.91,128.68, 127.85, 127.58,127.46, 127.39, 124.92,124.33, 123.94,
123.57, 122.51, 121.85, 121.54, 120.58, 117.74, 71.01, 69.51, 59.70,
44,69, 38.29, 38.19, 31.17, 31.01, 29.08, 28.95, 24.44, 24.26, 23.39,
23.34, 14.44, 14.37, 10.96, 10.84; MS (MALDI-TOF): m/z = 2552.2
[M+H]T; Elemental analysis: calcd (%) for C159H150N701gS3: C 74.83,
H 6.28, N 3.84, S 3.77; found C 74.76, H 6.27, N 3.83, S 3.78.
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