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A novel non-fullerene small molecule electron acceptor TTzBT-DCAO, which contains all electron-
withdrawing units of 2,1,3-benzothiadiazole, oligothiazole and alkyl cyanoacetate, has been synthesized
and characterized. Its photophysical, electrochemical, and photovoltaic properties have been
investigated. The material has favorable HOMO and LUMO levels of —5.88 and —3.60 eV, and shows
strong absorption in the visible spectrum up to 650 nm. The small molecule : non-fullerene bulk-
heterojunction organic photovoltaics (OPVs) were constructed based on two small molecules SF8TBT

R 4 29th October 2013 and TTzBT-DCAO. The influence of the donor : acceptor composition on device performance was

eceive th October . ) N . S ’

Accepted 1st December 2013 investigated. The open-circuit voltages of the devices are over 1.20 V, which is among the highest values
reported for single-junction OPVs. The results indicate that small molecules with all electron-

DOI 10.1039/c3tal4396a withdrawing units could provide a novel route to efficient solution-processed OPVs with high open-

www.rsc.org/MaterialsA circuit voltages.

Introduction

Solution-processed bulk-heterojunction organic photovoltaics
(BHJ OPVs) have been intensively investigated for their advan-
tages of low cost, light weight, and large-area fabrication on
flexible substrates.'® Besides the polymer donor materials in
OPVs, solution-processed small molecules, linear, discotic, star,
and dendritic structures, have attracted much attention very
recently, due to their advantages of monodispersity, simple
synthesis, efficient purification with standard organic chemistry
techniques, and reproducible photovoltaic performance.’*?
With the rapid development of small molecule OPVs, their
power conversion efficiencies (PCEs) are close to that of their
polymer counterparts.™¢ Furthermore, the small molecule BHJ
OPVs are often obtained with high open-circuit voltage (Vo)
(>0.8 V), which is a crucial parameter to high PCEs."”>*

To date, almost all highly efficient solution-processed small
molecule OPVs are based on small molecule : fullerene
systems because of the large electron affinity, high electron
mobility and ultra-fast three-dimensional charge transfer of the
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fullerenes.””?® However, fullerenes have a few obvious disad-
vantages, such as weak absorption in the visible region,
high-cost production and purification.*** Recently, solution-
processed small molecule : non-fullerene OPVs, by combining a
small molecule donor with a non-fullerene acceptor as an active
layer, have gradually attracted attention.***® K. Petritsch et al.
first reported the solution-processed dye-based donor-acceptor
non-fullerene OPVs. They fabricated phthalocyanine-perylene
blend cells with a V,. of 0.11 V and a fill factor (FF) of 0.25.*
Later, they have developed the discotic liquid crystal hexa-per-
ihexabenzocoronene combined with a perylene dye to engineer
self-organized photovoltaic structures with the power efficiency
maximum of 1.95% under 490 nm illumination at 0.47 mW
cm 2% A. Sharenko et al. have recently reported a solution-
processed small molecule : perylene diimide (PDI) BH] OPV
achieving a PCE of 3.0% in the optimized device.*® Except for
the PDI non-fullerene acceptors, there are rare reports of such
systems.*® In light of these, it is necessary to develop new
solution-processed small molecules as non-fullerene acceptor
materials and to research structure-property-performance
relationships for the fabrication and optimization of small
molecule : non-fullerene BHJ OPV systems.

Here we report a novel non-fullerene acceptor material, with
2,1,3-benzothiadiazole as a center core, oligothiazoles as arm
groups and alkyl cyanoacetate groups as the end-capped units
(TTzBT-DCAO, Scheme 1), and the small molecule : non-
fullerene BH] OPVs. Using the simple solution spin-coating
fabrication process, SF8TBT was used as the electron donor,*
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Scheme 1 Synthetic routes for the molecule TTzBT-DCAO.

the device gives a V,. as high as 1.24 V, which is among the
highest values reported for single-junction OPVs.

Experimental section
Materials and characterization

All reagents were purchased from Aldrich or Acros and used
without further purification. Solvents for chemical synthesis were
purified according to the standard procedures. All chemical reac-
tions were carried out under an inert atmosphere. The indium-tin
oxide (ITO) on glass was purchased from AimCore Technology
Co., Ltd. Poly(3,4-ethylenedioxythiophene) : poly(styrenesulfonate)
(PEDOT : PSS) (Clevios 4083) was obtained from H. C. Starck
Baytron. 'H NMR and ">C NMR spectra were recorded with a
Bruker Avance 400 NMR spectrometer. The mass spectra were
recorded using a Bruker Ultraflex III MALDI-TOF/TOF MS instru-
ment. The UV-Vis absorption spectra were measured using a Cary
5000 UV-Vis spectrometer. Solution spectra were recorded in
dichloromethane for UV-Vis absorption with a concentration of
107> M. Thin films on quartz for spectroscopic measurements
were prepared by spin-coating. Cyclic voltammetry experiments
were performed on a CHI440B potentiostat/galvanostat system.
The measurements were carried out with a conventional three-
electrode system consisting of a platinum working electrode, a
platinum counter electrode, and a Ag/AgCl reference electrode. The
supporting electrolyte was 0.1 M tetrabutylammonium hexa-
fluorophosphate (Bu,NPF). Ferrocene was used as a standard to
calibrate the system. X-ray diffraction (XRD) patterns were
obtained with a D/MAX-2500/PC diffractometer using CuKa
radiation at 40 kv and 20 mA. Atomic force microscopy (AFM)
images were obtained using a Bruker Metrology Nanoscope III-D
atomic force microscope in tapping mode under atmospheric
conditions.
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Theoretical calculations

Geometry optimizations were carried out by the density func-
tional theory (DFT) at the B3LYP/6-31 G(d) level. All the calcu-
lations were performed using the Gaussian 09 program. To
simplify the calculation, alkyl chains were replaced by CHj;

groups.

Device fabrication and testing

The ITO glass plates were cleaned in a sonication bath in
acetone, isopropyl alcohol and deionized water sequentially,
dried by blowing nitrogen, and then treated with O, plasma for
15 min before use. A 50 nm thick ITO-modifying layer of
PEDOT : PSS was spin-coated on top of ITO and then baked for
15 min at 150 °C. Thin films of active layer were spin-coated
from their solution in chlorobenzene. After that, the substrate
was transferred to a vacuum thermal evaporator, followed by
deposition of the Ca/Al (10 nm/100 nm) cathode at a base
pressure of 4 x 10~ Pa through a shadow mask with an array of
6.2 mm” openings. All devices were characterized with a
computer-controlled Keithley 2400 source measure unit under
AM 1.5 G simulated solar illumination (100 mW cm~?). Incident
photon to current efficiency (IPCE) was characterized on the
QTest Station 2000ADI system (Crowntech. Inc., USA). The light
intensity at each wavelength was calibrated with a standard
single-crystal Si photovoltaic cell. All the measurements were
performed at room temperature under ambient conditions.

Synthesis

1-Bromo-2-octanone (1). 2-Octanone (40 mL, 0.251 mol),
urea (25.0 g, 0.417 mol), and glacial acetic acid (125 mL) were
added to a 250 mL two-necked flask with an ice bath for cooling.
A solution of bromine (14.0 mL, 0.275 mol) in glacial acetic acid
(40 mL) was added dropwise to the flask, and the solution was
stirred overnight at room temperature. H,O (250 mL) was then
added to the solution, and the solution was extracted with
CH,Cl, (DCM) three times. The organic layer was washed with
10% sodium carbonate, brine, dried over anhydrous MgSO, and
then filtered. The pure product was obtained after vacuum
distillation (22.2 g, 42.7%). "H NMR (CDCl;, 400 MHz, ppm): 6
3.86 (s, 2H), 2.62 (t, J = 7.4 Hz, 2H), 1.62-1.55 (m, 2H), 1.27
(br, 6H), 0.87-0.84 (m, 3H).

4,4'-Dihexyl-2,2'-bithiazole (2). Compound 1 (22.2 g, 108
mmol), dithiooxamide (6.5 g, 55 mmol), and absolute ethanol
(280 mL) were added to a 500 mL two-necked flask equipped
with a reflux condenser. The solution was heated to reflux for 4
h, and after cooling, it was poured onto crushed ice. The
mixture was extracted with DCM three times, washed with H,O
and then dried over anhydrous MgSO,. After the evaporation of
the solvent, the pure product was obtained as a brown crystal
(14.7 g, 80.8%). *"H NMR (CDCl;, 400 MHz, ppm): 6 6.96 (s, 2H),
2.42 (t, ] = 7.6 Hz, 4H), 1.78-1.70 (m, 4H), 1.41-1.30 (m, 12H),
0.91-0.87 (m, 6H).

4,4'-Dihexyl-2,2'-bithiazole-5-carbaldehyde (3). A solution of
n-BulLi (1.6 M) (6.5 mL, 10.35 mmol) in hexane was added to a
solution of compound 2 (3.03 g, 9 mmol) in THF (200 mL) at
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—78 °C. After stirring for 1 h, a solution of N-formylmorpholine
(1.03 mL, 10.35 mmol) in THF (50 mL) was added. After addi-
tional stirring for 1 h at —78 °C, the mixture was allowed to
warm to room temperature overnight. The final solution was
acidified with HCI solution (10 mL) and stirred for 45 min at
room temperature. The aqueous phase was extracted with DCM
three times, and dried over anhydrous MgSO,. After evaporation
of the solvent, the final crude product was purified by column
chromatography with petroleum ether (PE)-DCM (1:1) to
obtain the pure product 3 (2.4 g, 73.2%).
5'-Bromo-4,4’-dihexyl-2,2’-bithiazole-5-carbaldehyde (@).
Compound 3 (1.82 g, 5 mmol) was dissolved in a mixture of N,N-
dimethylformamide (30 mL) and glacial acetic acid (30 mL)
under nitrogen in the dark, and then NBS (0.99 g, 5.5 mmol) was
added dropwise. After 2 h of stirring in the dark, a crude solid
precipitated in the reaction mixture. The precipitate was
filtered, washed with CH3;OH, and then purified by column
chromatography with PE-DCM (3:1) to obtain the pure
product 4 (1.9 g, 85.6%). "H NMR (CDCl;, 400 MHz, ppm): 6
10.12 (s, 1H), 3.08 (t, J = 7.6 Hz, 2H), 2.79 (t, ] = 7.6 Hz, 2H),
1.84-1.69 (m, 4H), 1.40-1.34 (m, 12H), 0.90 (br, 6H).
4,7-Dibromo-2,1,3-benzothiadiazole (5). 2,1,3-Benzothiadi-
azole (5.0 g, 36.8 mmol) was added to a 250 mL two-necked flask
with hydrobromic acid 75 mL (48%), and the mixture was
heated to reflux. A solution of bromine (17.6 g, 110 mmol) in
hydrobromic acid 50 mL was added dropwise very slowly. After
completion of the bromine addition, the reaction mixture was
refluxed for 6 h and a great deal of needle crystals precipitated.
Then the mixture was cooled down to room temperature,
filtered, and washed with H,O several times, and then the solid
was recrystallized using chloroform. The pure product 5 was
obtained as pale yellow crystals (8.0 g, 74%). "H NMR (CDCl;,
400 MHz, ppm): 6 7.69 (s, 2H).
2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol ester) (6).
A solution of compound 5 (1 g, 3.41 mmol), bis(pinacolato)
diboron (2 g, 7.8 mmol), PdCl,(dppf) (500 mg, 0.6 mmol), and
KOAc (2 g, 20 mmol) in degassed 1,4-dioxane (15 mL) was stirred
at 80 °C overnight. The reaction was quenched by adding H,O and
the resulting mixture was washed with ethyl acetate three times.
The organic layers were washed with brine, and dried over anhy-
drous MgSO,. After evaporation of the solvent, the final crude
product was purified by column chromatography with 3% ethyl
acetate in hexane to obtain the pure product 6 (0.53 g, 40.1%). 'H
NMR (CDCl,, 400 MHz, ppm): 6 8.12 (s, 2H), 1.43 (s, 24H).
2,1,3-Benzothiadiazole-4,7-bis(4,4’-dihexyl-2,2'-bithiazole-5-
carbaldehyde) (7). Compound 4 (1.10 g, 2.5 mmol), compound 6
(0.4 g, 1.0 mmol), Pd(PPh;), (145 mg), Na,CO; (2 M) were dis-
solved in toluene (60 mL)/EtOH (6 mL)/H,O (6 mL) and the
mixture was refluxed for 24 h. After evaporating the solvent under
reduced pressure, H,O (50 mL) and DCM (50 mL) were added.
The aqueous phase was extracted with DCM three times, and the
organic layer was dried over anhydrous MgSO,. After evaporation
of the solvent, the final crude product was purified by column
chromatography with DCM to obtain the pure product 7 (0.60 g,
69.8%). 'H NMR (CDCl,, 400 MHz, ppm): 6 10.15 (s, 2H), 7.82 (s,
2H), 3.12 (t,] = 7.6 Hz, 4H), 2.91 (t, ] = 7.2 Hz, 4H), 1.85 (s, 8H),
1.42-1.27 (m, 24H), 0.90 (s, 6H), 0.84 (s, 6H).
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TTzBT-DCAO. Compound 7 (0.17 g, 0.2 mmol) was dissolved
in a solution of dry CHCI; (20 mL) and two drops of triethyl-
amine and then octyl cyanoacetate (0.40 g, 2.0 mmol) were
added and the resulting solution was stirred for 24 h, under
argon, at room temperature. The reaction mixture was then
extracted with DCM three times, washed with H,O and dried
over anhydrous MgSO,. After evaporation of the solvent, the
final crude product was purified by column chromatography
with PE-DCM (1 : 1) to obtain the pure product TTzBT-DCAO as
a black solid (0.22 g, 89.9%). "H NMR (CDCl;, 400 MHz, ppm): 6
8.45 (s, 2H), 7.83 (s, 2H), 4.33 (t, /] = 6.6 Hz, 4H), 3.00 (t,/ = 7.5
Hz, 4H), 2.94 (t, ] = 7.5 Hz, 4H), 1.91-1.76 (m, 12H), 1.44-1.29
(m, 44H), 0.91-0.85 (m, 18H). >C NMR (CDCl;, 400 MHz, ppm):
6 169.82, 166.34, 163.31, 160.02, 159.08, 154.25, 144.09, 131.39,
130.14, 127.70, 125.98, 116.02, 101.57, 67.53, 32.42, 32.18,
31.37, 30.96, 30.71, 30.13, 29.83, 29.60, 29.20, 26.46, 23.29,
23.23, 23.18, 14.73, 14.69. MS (MALDI-TOF): caled for
Co6HooN50,4S5 [M]', 1219.80; found, 1220.07.

Results and discussion
Synthesis and characterization

The synthetic routes for the molecules are outlined in Scheme 1.
Compound TTzBT-DCAO was synthesized from the Suzuki
coupling reaction and the Knoevenagel condensation reaction
with octyl cyanoacetate in a high yield. Their structures were
verified by "H NMR, *C NMR spectroscopy and mass spec-
trometry. The small molecule was soluble in common organic
solvents including dichloromethane, chloroform, toluene and
chlorobenzene. Also, XRD experiments reveal that the molecule
TTzBT-DCAO has a crystalline structure with a sharp diffraction
peak at 26 = 5.5° (Fig. S17).

Photophysical properties

Fig. 1 shows the normalized spectra of optical absorption of
TTzBT-DCAO in dichloromethane solution (10~° M) and solid
films. The absorption spectrum of the solution shows two
absorption peaks at 308 and 456 nm, respectively, covering a
broad wavelength range from 300 to 650 nm, which is benefited
from its m-functional molecular structure. The weak peak
absorption is corresponding to the n— m* transition and the
peak wavelength of the main absorption peak corresponds to

—e— solution
—a— film

-
=3
!

0.5

Normalized absorbance (a.u.)

300 400 500 600 700
Wavelength (nm)

Fig.1 UV-Vis absorption spectra in DCM solution and as spin-coated
films.
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the intramolecular charge-transfer (ICT) transition. The
absorption onset of 560 nm corresponds to an estimated optical
gap of 2.21 eV. A thin film of TTzBT-DCAO shows a significant
broad absorption of 300-650 nm with two peaks at 318 and
504 nm, and the maximum peak red shifts 48 nm relative to that
in solution because of the strong intermolecular interactions.

Electrochemical properties

In order to investigate the electrochemical energy levels of the
molecule, cyclic voltammetry (CV) measurements were per-
formed (Fig. S21). A more complete study of the reversible
reductions is shown in Fig. 2a. The highest occupied molecular
orbital (HOMO) level and the lowest unoccupied molecular
orbital (LUMO) level are estimated from the onset oxidation
potential and the onset reduction potential relative to the
reference energy level of Fe/Fc' (4.80 eV below vacuum). TTzBT-
DCAO exhibits one irreversible oxidation and two reversible
reduction waves. Estimated from the onsets of oxidation, the
molecule shows a deep HOMO energy of —5.88 eV, which could
prevent the hole transporting to the cathode, while it shows two
reversible reduction potentials of —1.20 and —1.50 V, which can
be ascribed to the reduction of benzothiadiazole and thiazole
units. From the onset reduction value, the LUMO energy is
estimated to be —3.60 eV. The favorable LUMO level, higher
than that of (6,6)-phenyl-C60-butyric acid methyl ester (PCq,BM)
of —3.91 eV, is desirable for obtaining higher V. in the OPVs.*®
Thus, the electrochemical bandgap is 2.28 eV, which is close to
the optical bandgap.

To obtain further insights into the electronic structure of the
compound TTzBT-DCAO, its geometry was optimized by density
functional theory calculations at the B3LYP/6-31 G(d) level. As

@

—TTzBT-DCAO

Current (pA)

20 A8 A6 A4 42 0
Potential (V vs Ag/AgCl)

(b)

HOMO 581eV

LUMO  3.35eV

Fig. 2 Cyclic voltammograms in DCM solution of 0.1 M BusNPFg with
a scan rate of 100 mV s~* (a), and theoretically calculated HOMO and
LUMO levels (b).
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shown in Fig. 2b, the electron density distribution of the HOMO
is mainly located on the whole conjugated molecule. When the
oxidation reaction occurs on the molecule, double bonds in the
main chain could be broken due to losing electrons. The elec-
tron density of the LUMO is also distributed over the whole
molecule with higher density on the electron-deficient benzo-
thiadiazole and thiazole units. When the reduction reaction
occurs on the molecule, the more accessible positions of the
free electron are benzothiadiazole and thiazole units. Also, the
molecule is not only the reactant of the oxidation reaction, but
also the product of the reduction reaction in the electro-
chemical experiments. Therefore, the calculated HOMO and
LUMO levels of —5.81 eV and —3.35 eV could be used for esti-
mating the reaction redox potentials. Furthermore, the alter-
nating distribution of the electron density from the HOMO and
LUMO orbitals is a benefit for the electron transporting. These
theoretical results are consistent with the experimental data.

Photovoltaic properties

The small molecule : non-fullerene BHJ OPVs of the conven-
tional structure of ITO/PEDOT : PSS/SF8TBT : TTzBT-DCAO/Ca/
Al were fabricated without any thermal annealing and high
boiling temperature additive in the solutions, in which TTzBT-
DCAO was used as the electron acceptor while SF8TBT was used
as the electron donor (Fig. 3). The influence of blend composi-
tion was investigated using five different weight ratios of 1 : 0.5,
1:0.75, 1:1, 1:1.25 and 1:1.5 while the optimized film
thickness of the active layer is about 100 nm. The V., short
circuit current density (Js.), FF, and PCE under AM 1.5 G simu-
lated solar illumination (100 mW cm™?) are listed in Table 1.

3.55eV 3.60eV

J | can
43eV

19184S

534 eV

SF8TBT

Fig. 3 Schematic diagram of OPVs and the molecular structure used
in the devices.

Table 1 Photovoltaic performances of the OPVs

Blend ratio(D/A) Voe [V] Jse [MA cm™?] FF PCE [%]
1:0.5 1.21 0.24 0.32 0.09
1:0.75 1.23 0.25 0.33 0.11
1:1 1.24 0.47 0.35 0.21
1:1.25 1.24 0.17 0.28 0.06
1:1.5 1.21 0.05 0.05 0.003

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Current density—voltage (J-V) curves of the OPVs based on
SF8TBT : TTzBT-DCAO.

Fig. 4a shows the current density-voltage (/-V) curves of the
device characteristics based on the different donor-acceptor
weight ratios. As we expected, these devices afforded relatively
high V. values (>1.20 V), which is mainly attributed to the very
large difference (1.74 eV) between the LUMO level of TTzBT-
DCAO and the HOMO level of SFSTBT.** Encouragingly, the
blend at the donor-acceptor weight ratio of 1 : 1 exhibited a very
high V,. of up to 1.24 V, which is among the highest values
reported for single-junction BHJ OPVs. Simultaneously, the Jg,
FF and PCE reach 0.47 mA cm™ 2, 0.35 and 0.21%, respectively.
The incident photon to current efficiency (IPCE) curve of the
best performance device was measured as well (Fig. S37).
The device exhibited significant photo-to-current responses in
the range of 350-650 nm based on the weight ratio of 1 : 1. The
IPCE spectra correspond to the absorption spectra of TTzBT-
DCAO and SF8TBT.* The integrated short circuit current from
the IPCE spectra is 0.44 mA cm ™ that is consistent with the
experimental data.

To demonstrate the electron mobility of the molecule TTzBT-
DCAO, the electron-only device structure of ITO/titanium
diisopropoxide bis(2,4-pentanedionate) (TIPD) (10 nm)/TTzBT-
DCAO (150 nm)/Ca/Al was designed (Fig. S471). In the trap-free
region over the trap-filled limit, which is the limit of the pres-
ence of carrier traps, space charge limited current (SCLC) can be
characterized by the Mott-Gurney square law,*

J = (918)e,e0ua(VAIL?)

where ¢, is the vacuum permittivity, ¢, is the dielectric permit-
tivity of the active layer, L is the thickness of the active layer, and
Ue is the electron mobility. At a typical electric field of 10°> V
em™" (corresponding to an applied voltage of 1 V across a
100 nm thick device), the apparent electron mobility calculated
from the currents in the square law region of 2.34 x 107> cm?
V™' 57" has been determined for the device.

The low J,, leading to the low efficiency, may be due to the
small difference (0.05 eV) between the LUMO level of TTzBT-
DCAO and the LUMO level of SF8TBT.*® Normally, a difference
larger than 0.3 eV is needed for an efficient exciton dissocia-
tion.** From the J-V curves based on the device of the weight
ratio 1: 1, we calculated the series resistance of 950 Q cm?,

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 AFM height (500 x 500 nm, top) and phase images (500 x 500
nm, bottom) of the active layers based on SF8TBT : TTzBT-DCAO with
different blend ratios: 1: 0.5 (a), 1: 1 (b), and 1: 1.5 (c).

which may be another reason for the low J,.. In combination
with small molecule donor materials having a higher LUMO
level, the Js. could be improved and therefore the PCEs. Further
studies on this system are under way and will be presented in a
forthcoming paper.

The active layer morphologies were examined by AFM in
tapping mode. As shown in Fig. 5, the AFM images of the three
blend films exhibit different smooth surfaces with the aggre-
gated domains. An interpenetrating network can be observed on
the surface of the blend films with the blend ratio of 1 : 1, which
should be beneficial to charge separation and transportation in
the OPV devices. It proves that the higher J. is beneficial to the
more orderly arrangement.

Conclusions

In summary, a novel non-fullerene electron acceptor material,
which contains all electron-withdrawing units, has been
synthesized and characterized. The material exhibits a high
LUMO level of —3.60 eV and broad absorption-attractive
properties compared to the widely used fullerene acceptors. By
blending with a small molecule donor material, we demon-
strate small molecule : non-fullerene BHJ OPVs with a very
high V,. of 1.24 V, which is among the highest values reported
for single-junction OPVs. Although the efficiency is not high,
these initial results demonstrate that small molecules with all
electron-withdrawing units could provide a novel route to high
performance solution-processed OPVs with high open-circuit
voltages.
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