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A new star-shaped small molecule named TCNR3TTPA, with a triphenylamine (TPA) unit as the central building block and
2-(1,1-dicyanomethylene)-3-octyl rhodanine (CNR) as the end-capped group, has been designed and synthesized.
TCNR3TTPA showed a deep highest occupied molecular orbital (HOMO) energy level (-5.60 eV) and broad absorption. The
solution-processed bulk heterojunction (BHJ) solar cells based on TCNR3TTPA:PCsBM (1:1, w/w) exhibited a high
open-circuit voltage (V,.) of 0.99 V, a short-circuit current density (J.) of 5.76 mA/cm?, and a power conversion efficiency
(PCE) of 2.50% under the illumination of AM 1.5 G, 100 mW/cm?. The high V, is ascribed to the strong electron-with- draw-
ing ability of the end-capped 2-(1,1-dicyanomethylene)-3-octyl rhodanine group. These results demonstrated that the V. of
small-molecule organic solar cells could be increased by introducing a strong electron-withdrawing end-capped block, and that
this is an effective strategy to design high-performance small molecules for organic solar cells.

organic solar cells, open-circuit voltage, triphenylamine, rhodanine derivative

1 Introduction

Organic solar cells (OSCs) have recently attracted signifi-
cant attention due to their easy synthesis, potential to enable
low-cost manufacture, and capability of fabricating flexible
large-area devices [1]. Power conversion efficiencies (PCE)
of exceeding 9% have been reached recently [2-9]. Cur-
rently, there are two types of electron donor materials:
polymers and small molecules. Compared to their polymer
counterparts, small molecules offer potential advantages in
terms of uniform and defined molecular structures [10],
generally higher open-circuit voltage (V,.) and hole mobili-
ty [11,12], no batch-to-batch variation [13,14], and high
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purity. Thus, solution-processed small molecules OSCs
have received more and more attention. Progress due to
advances in the chemical structure of materials has mainly
been achieved through the use of a donor-acceptor (D-A)
approach that involves molecules based on alternating
fragments of electron-rich and electron-poor groups [15].
This combination allows the molecular orbital to be tuned
so as to enable intramolecular charge transfer (ICT) [16].
The intramolecular electronic communication between elec-
tron donor and accepter units is a key issue in a wide variety
of areas including conducting materials, non-linear optics
(NLO), molecular rectification, dyes, etc. [17]. The PCE of
the OSCs is proportional to V., short-circuit current density
(Js) and fill factor (FF) of the devices. As the important
parameter, V. is directly related to the gap between the
highest occupied molecular orbital (HOMO) of the electron
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donor material and the lowest unoccupied molecular orbital
(LUMO) of the fullerene. Therefore, V,. can be increased
by down-shifting the HOMO of the donor materials or
up-shifting the LUMO of the fullerene acceptor. In light of
the above discussion, it is feasible to enhance the perfor-
mance of OSCs when the molecule donors show low band
gaps with broad and efficient optical absorption, matched
energy levels, and high mobility [18]. Thus, one rational
design strategy is to introduce strong electron-withdrawing
units into the molecular backbone to tune the energy levels.
Such units include 2-ethylhexyl cyanoacetate (CAQO), malo-
nonitrile, and benzothiadiazole, all of which have showed
good performance in solar cell devices.

We introduced a new strong electron-withdrawing unit
2-(1,1-dicyanomethylene)-3-octyl rhodanine (CNR) into the
small molecule backbone. Rhodanine is a common dye unit
that shows wide absorption spectra. Rhodanine derivatives
have been used as acceptor moieties in a variety of push-
pull organic compounds as second-order NLO [19] and an-
alytical reagent [20]; recently, they have been used in small
molecules OSCs [17,18,21-23]. For further improvement of
the light absorption and V.., a dicyanomethylene unit was
grafted into the rhodanine molecule. This new electron-
withdrawing building block can not only produce wide ab-
sorption spectra but can also maintain excellent electron
injection efficiency [21]. The double electron-withdrawing
units of both rhodanine and dicyanomethylene can guaran-
tee strong electron-accepting ability.

Triphenylamine (TPA) has also drawn much recent at-
tention because of its good photovoltaic performance. TPA
has a special propeller starburst molecular structure due to
the sp> hybrid orbital of the nitrogen atom [24]. As a result,
amorphous materials with isotropic optical and charge-
transporting properties could be expected when combining
TPA with linear m-conjugated systems [25]. As electron
donor groups, TPA and its derivatives have exhibited good
performance in BHJ OSCs [26-35].

We also designed and synthesized a star-shaped, D-A
type small molecule TCNR3TTPA with a TPA unit as a
core D unit, oligothiophene as arms, and a CNR unit as end-
capped groups. Prior research has shown that the oligothio-
phene backbone could offer a high mobility, and the side
alkyl groups could give this compound good solubility [36];
thus, we expected to obtain a high-quality thin film by
spin-coating. As we expected, TCNR3TTPA showed good
thermal stability and a deep HOMO energy level (-5.60 eV).
The solution-processed BHJ OSCs based on TCNR3TTPA:
PC¢BM (1:1) exhibited a PCE of 2.50% with a high V. of
0.99 V, under the illumination of AM 1.5 G, 100 mW/cm>.
These results demonstrate that the end-capped block is an
important factor in the determination of the V,. of small-
molecule organic solar cells by tuning their energy levels,
which is a prospective strategy to design new small mole-
cules for organic solar cells.
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2 Experimental

2.1 Materials

2-(1,1-Dicyanomethylene)-3-octyl rhodanine, 5”-bromo-
4'.4"-dioctyl-[2,2":5',2"-terthiophene]-5-carbaldehyde, and
tris-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)
amine were prepared according to the method reported in
the literature [23,28]. Solvents were dried by standard pro-
cedure and distilled before use. All of the other chemicals
were purchased from Aladdin (Bejing, China) and used
without further purification.

2.2 Measurements and instrumentations

NMR spectra were carried out on a Bruker Advance III 600
spectrometer (German) using tetramethylsilane as an inter-
nal standard. High-resolution mass spectra were recorded on
a Bruker Maxis UHR TOF spectrometer (Bruker, German)
in APCI mode. The thermogravimetric analysis (TGA) was
done on a SDT Q600 Simultaneous DSC-TGA instrument
(TA, USA) under purified nitrogen gas flow with a 10 °C/min
heating rate. UV-Vis absorption spectra were performed on
a Hitachi U-4100 spectrophotometer (Hitachi, Janpan). Cy-
clic voltammetry was measured on a CHI660D electro-
chemical workstation. Surface roughness and morphology
of thin films were characterized by atomic force microscopy
(AFM) on an Agilent 5400 (Agilent, USA). X-ray diffrac-
tion (XRD) spectra were recorded with a Bruker D8 Ad-
vance (Bruker, German).

2.3 Device fabrication and characterization of OSCs

Photovoltaic devices were fabricated by a simple spin-
coating process, with a general device structure of glass/
ITO/PEDOT:PSS/active layer/Ca/Al. The ITO-coated glass
was ultrasonically cleaned with successive applications of
acetone, methanol, and isopropyl alcohol. Oxygen plasma
treatment was done for 10 min as the final step of substrate
cleaning, to improve the contact angle just before film
coating. Onto the ITO glass a layer of polyethylenedioxy-
thiophene-polystyrene sulfonic acid (PEDOT:PSS) film
with a thickness of 40 nm was spin-coated from its aqueous
dispersion. PEDOT:PSS film was dried at 160 °C for 30
min in a oven. The solution of the small molecules and
PCqBM in CHCI; was prepared in a nitrogen-filled dry box
and spin-coated on top of the ITO/PEDOT:PSS; the typical
thickness of the active layer was 100 nm. The concentration
of the small molecule/PC¢BM blending solution used in
this study was 15 mg/mL. Subsequently, Ca (10 nm) and Al
(100 nm) were thermally deposited at a vacuum of 2x10™*
Pa on the top of active layer as a cathode. The current den-
sity-voltage (J-V) characteristics of the devices were meas-
ured with a Keithley 2420 source measurement unit
(Keithley, USA) under simulated 100 mW/cm® (AM 1.5 G)
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irradiation from a Newport solar simulator. Light intensity
was calibrated with a standard silicon solar cell. The exter-
nal quantum efficiencies (EQE) were analyzed using a cer-
tified Newport incident photon conversion efficiency meas-
urement system (Newport, USA).

2.4 Synthesis of the molecules

The molecular structure and synthetic route of TCNR3-
TTPA are depicted in Scheme 1. The target molecule
TCNR3TTPA was prepared by the Knoevenagel condensa-
tion and was confirmed by 'H NMR spectra, *C NMR
spectra, and other methods.

2.4.1 Synthesis of TCHO3TTPA
5"-Bromo-4',4"-dioctyl-[2,2":5',2"-terthiophene]-5-carbalde
hyde (1 g, 1.73 mmol) and tris(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)amine (0.3 g, 0.48 mmol), Pd
(PPh3)4 (0.15 g, 0.13 mmol), tetrabutylammonium bromide
(0.03 g, 0.09 mmol), toluene (20 mL), 2 mol/L. Na,CO;
aqueous solution (20 mL) were mixed together in a 100-mL
round-bottom flask. The mixture was degassed and refluxed
for 48 h and then cooled down to room temperature. Water
was added and the mixture was extracted with dichloro-
methane. The organic layer was washed successively with
brine and water, and then dried with Na,SO,. After the sol-
vent was removed under reduced pressure, the crude prod-
uct was purified by flash chromatography, using dichloro-
methane as eluent, to give TCHO3TTPA (0.72 g, 86%). 'H
NMR (600 MHz, CDCl3): 6 9.86 (s, 3H), 7.67 (d, J/=3.9 Hz,
3H), 7.40 (d, J=8.5 Hz, 6H), 7.24 (s, 3H), 7.22 (d, J=3.6 Hz,
6H), 7.20 (s, 3H), 7.06 (s, 3H), 2.84-2.75 (m, 6H),
2.75-2.64 (m, 6H), 1.73-1.62 (m, 12H), 1.47-1.19 (m,
60H), 0.89-0.86 (m, 18H). °C NMR (150 MHz, CDCly): §
182.43, 147.16, 146.54, 141.40, 140.45, 139.00, 138.36,
137.45, 133.22, 132.99, 132.88, 130.05, 129.17, 128.92,
128.90, 124.18, 123.86, 31.89, 30.97, 30.50, 29.54, 29.53,
29.43, 29.41, 29.27, 28.83, 22.68, 14.13. MS (ACPI) m/z:
Caled. for CosH20NO3Sy [M]*: 1740.7492. Found:
1740.7499.

2.4.2 Synthesis of TCNR3TTPA

TCHO3TTPA (0.2 g, 0.12 mmol), 2-(1,1-dicyanometh-
ylene)-3-octyl rhodanine (0.2 g, 0.72 mmol), CH;COONH,
(0.6 g, 7.78 mmol), and CH;COOH (30 mL) were mixed
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Scheme 1 Synthetic route of TCNR3TTPA.
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together in a 100-mL round-bottom flask. After degassing,
the mixture was refluxed for 48 h. After the reaction com-
pleted, water was added and the mixture was extracted with
dichloromethane. The organic layer was washed succes-
sively with brine and water, and then dried with Na,SO,.
After the solvent was removed under reduced pressure, the
crude product was purified by flash chromatography, using
dichloromethane as eluent, to give TCNR3TTPA (78.9 mg,
27%). '"H NMR (600 MHz, CDCl;): ¢ 8.03 (s, 3H),
7.41-7.40 (m, 9H), 7.26-7.20 (m, 12H), 7.09 (s, 3H),
4.23-4.19 (m, 6H), 2.85-2.80 (m, 6H), 2.73-2.68 (m, 6H),
1.77-1.67 (m, 18H), 1.42-1.26 (m, 90H), 0.88-0.86 (m,
27H). C NMR (150 MHz, CDCl;): ¢ 166.03, 165.56,
146.67, 146.56, 140.73, 139.08, 138.49, 136.87, 134.96,
133.53, 132.86, 132.55, 130.04, 129.34, 128.98, 128.89,
128.75, 124.74, 124.20, 113.43, 113.15, 112.32, 55.69,
45.38, 31.90, 31.71, 30.99, 30.58, 29.66, 29.58, 29.56,
29.44, 29.42, 29.31, 29.28, 29.09, 29.05, 28.85, 28.83,
2597, 22.68, 22.61, 14.14, 14.08. Anal. calcd. for
C147H180N1003812: C, 7007, H, 720, N, 556, S, 15.27.
Found: C, 70.15; H, 7.29; N, 5.47; S, 15.36.

3 Results and discussion

3.1 Optical properties

Figure 1 shows the UV-Vis absorption spectra of TCNR3-
TTPA in dilute CHCI; solution and in the solid film on a
quartz plate. The parameters are summarized in Table 1.
The main absorption peak of the TCNR3TTPA thin film is
red-shifted 17 nm relative to the peak in solution, which
could be ascribed to the increased m-m stacking interaction
in the thin film. However, the small red-shift of this com-
pound is believed to be related to its nonplanar structure.
TPA shows special propeller starburst molecular structure
caused by the center atom of nitrogen in TPA, which has
lone-pair electrons [25]. The absorption edge of TCNR3-
TTPA film was located at 685 nm, indicating an optical
bandgap of 1.81 eV.

3.2 Thermal properties

The thermal stability of TCNR3TTPA was investigated
with thermogravimetric analysis (TGA) under a nitrogen
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Table 1 Optical and electrochemical properties of TCNR3TTPA

February (2015) Vol.58 No.2

Film

j/cdgc (nm)

Solution
lmax (nm)

E (eV
Amax (NM) e (V)

?ox (V)

Grea (V) ESM (V) HOMO (V) LUMO (eV)

377,533

395, 550 685 1.81 1.20

-0.69 1.89 -5.60 -3.71

atmosphere (Figure 2). The results reveal that the onset
temperature with 5% weight-loss (T;) of TCNR3TTPA is
400 °C. Obviously, the thermal stability of TCNR3TTPA is
adequate for its application in organic solar cells and other
optoelectronic devices [37].

3.3 Electrochemical properties

Cyclic voltammetry (CV) has been widely employed to in-
vestigate the electrochemical behavior of compounds and to
estimate their HOMO and LUMO energy levels [38,39].
The electrochemical property of TCNR3TTPA was ex-
plored by a CV method with film on a glassy carbon work-
ing electrode in 0.1 mol/L n-Bu,NPFg acetonitrile solution
at a potential scan rate of 100 mV/s. The HOMO and
LUMO energy levels of TCNR3TTPA can be calculated
from their onset oxidation potential (¢.) and reduction po-

1.0 1 —0O—in CHCl,

—@—in film
0.8

0.6

0.4 4

0.2 4

Normalized absorbance (a.u.)

0.0 T T T T
300 400 500 600 700 800

Wavelength (nm)

Figure 1 UV-Vis absorption spectra of TCNR3TTPA in CHCl; solution
and in thin film.

—@— TCNR3TTPA
100 1 CNR3

801
S
b=
2
2 60
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0 200 400 600 800

Temperature (°C)

Figure 2 TGA curve of TCNR3TTPA.

tential (@) according to the following equations: Eyomo=
—e(poxt4.4) (V) and Ep ymo=—e(@rea+4.4) (eV), where the
unit of potential is V vs. Ag/AgCl. As shown in Figure 3,
the @ox of TCNR3TTPA is 1.20 V and ¢eq is —0.69 V vs.
Ag/AgCl. Thus the respective HOMO and LUMO energy
levels as well as the electrochemical band gap of the
TCNR3TTPA are —5.60, —3.71, and 1.89 eV. The electro-
chemical band gap (1.89 eV) is slightly bigger than the op-
tical band gap (1.81 eV), probably because of the energy
barrier between the molecular film and electrode for the
oxidation and reduction in the CV measurement or because
of the binding energy of excitons in the optical measure-
ment [3,40]. The relatively low HOMO energy level of
TCNR3TTPA is beneficial to a high V. for the solar cells.

3.4 Photovoltaic properties

To explore potential application of TCNR3TTPA in BHJ
OSCs, the devices with structure of ITO/PEDOT:PSS/TCN-
R3TTPA:PCsBM/Ca/Al were fabricated with TCNR3TT-
PA as the electron donor and PCsBM as the electron ac-
ceptor. The active layers were spin-coated from a CHCl;
blend solution of the two compounds, with no thermal an-
nealing before deposition of the top electrode. Table 2
summarizes V.., Ji, FF, and PCE of the devices at different
donor:acceptor weight ratios. The device at donor/acceptor
weight ratio of 1:1 gave the best performance, with respec-
tive Vo, Js, FF, and PCE of 0.99 V, 5.76 mA/cm?, 0.44, and
2.50%. All of the devices exhibited fairly high V., as we
expected, and their values (0.98-0.99 V) were almost insen-
sitive to the donor:acceptor weight ratio. The high V. is

—— TCNR3TTPA

Current (a.u.)

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Potential (V vs. Ag/AgCl)
Figure 3 Cyclic voltammogram of TCNR3TTPA film on glassy carbon

electrode in a 0.1 mol/L n-BusNPFg acetonitrile solution at a scan rate of
100 mV/s.
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ascribed to the deep HOMO energy level of TCNR3TTPA
molecule (Figure 4).

Figure 5 shows the EQE spectra of device with the struc-
ture ITO/PEDOT:PSS/TCNR3TTPA:PCsBM (1:1, w/w)/
Ca/Al. The EQE spectra of the blend film covers the visible
region from 300 to 700 nm with a maximum of 38% at 420
nm. The calculated photocurrent density from EQE spectra
is 5.59 mA/cm®, which shows only 3% deviation from the
J-V measurement.

The preferable morphology of the active layer for high-
performance OSCs is nanoscale phase separation, which
enables a large interface area for exciton dissociation as
well as a continuous percolating path for hole and electron

Table 2 The device data of OSCs based on TCNR3TTPA:PC4s,BM

TCNR3TTPA:PCBM (wiw) Vi (V) Jio (mA/ecm®)  FF  PCE (%)
2:1 0.98 5.09 043  2.12
1:1 0.99 5.76 044 250
1:2 0.99 4.89 029 141
0
—8— 1:2 with PCg,BM
T —A— 1:1 with PC;BM
o
E 5 —— 2:1 with PC4,BM
>
2
(0]
©
g —4-
5
O

: r T : I r
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Figure 4 J-V curves of the OSCs based on TCNR3TTPA as donor and
PC¢BM as acceptor with different weight ratios (1:2-2:1)

45 5um nm
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transport to the corresponding electrodes [41,42]. The mor-
phology of the TCNR3TTPA:PC¢BM (1:1, w/w) blend film
was explored by atomic force microscope (AFM, Figure 6).
The film shows a relatively smooth surface with a root
mean square (RMS) roughness of 2.45 nm. Generally, the
nanoscale interpenetrating network with a smooth surface is
beneficial to enhance efficiency of the OSCs [43]. However,
many crystalline grains and boundaries have the disad-
vantages of exciton dissociation and charge transport and
therefore result in a relatively low J, and FF. The X-ray
diffraction (XRD) analysis of the thin film shows no dif-
fraction peak, which indicates that TCNR3TTPA has no
obvious aggregation structure in the blend film [44].

4 Conclusions

We designed and synthesized a new star-shaped donor- ac-
ceptor molecule: TCNR3TTPA with TPA as a core, oli-
gothiophene as arms, and CNR composed of rhodanine and

404 —@— TCNR3TTPA:PCg,BM=1:1

30

20

EQE (%)

10 A

T T T T
400 500 600 700 800
Wavelength (nm)

Figure 5 EQE spectra of the OSCs based on TCNR3TTPA:PCsBM (1:1,
wiw).
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Figure 6 AFM topography (left) and phase (right) images of TCNR3TTPA:PCg¢BM (1:1, w/w) blend film (5 pmx5 pum).
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dicyanomethylene units as end-capped groups. TCNR3TT-

PA

is a broad bandgap (1.81 eV) molecule with a deep

HOMO energy level of —5.60 eV. The OSCs based on
TCNR3TTPA:PC¢BM (1:1, w/w) showed a PCE of 2.50%
with a high V. of 0.99 V. These results indicated that CNR
is a strong electron-withdrawing block, as we expected, and
that it caused a deep downshift in the HOMO of the com-
pound. This is an effective method to increase the V. of
small-molecule solar cells by introducing a strong electron-
withdrawing unit as the end-capped building block.
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