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Two new small molecules, 5,5-bis(2-triphenylamino-3-decylthiophen-2-yl)-2,2-bithiazole
(M1) and 2,5-bis(2-triphenylamino-3-decylthiophen-2-yl)thiazolo[5,4-d]thiazole (M2)
based on an electron-donor triphenylamine unit and electron-acceptor thiophene-thiazol-
othiazole or thiophene-bithiazole units were synthesized by a palladium(0)-catalyzed
Suzuki coupling reaction and examined as donor materials for application in organic solar
cells. The small molecules had an absorption band in the range of 300-560 nm, with an
optical band gap of 2.22 and 2.25 for M1 and M2, respectively. As determined by cyclic vol-
tammetry, the highest occupied molecular orbital and lowest unoccupied molecular orbital
energy levels of M1 were —5.27 eV and —3.05 eV, respectively, which were 0.05 eV and
0.02 eV greater than that of M2. Photovoltaic properties of the small molecules were inves-
tigated by constructing bulk-heterojunction organic solar cell (OSC) devices using M1 and
M2 as donors and fullerene derivatives, 6,6-phenyl-C61-butyric acid methyl ester (PCs;BM)
and 6,6-phenyl-C71-butyric acid methyl ester (PC7;BM) as acceptors with the device archi-
tecture ITO/PEDOT:PSS/M1 or M2:PCBM/LiF/Al. The effect of the small molecule/fullerene
weight ratio, active layer thickness, and processing solvent were carefully investigated to
improve the performance of the 0SCs. Under AM 1.5 G 100 mW/cm? illumination, the opti-
mized OSC device with M1 and PC,;BM at a weight ratio of 1:3 delivered a power conver-
sion efficiency (PCE) of 1.30%, with a short circuit current of 4.63 mA/cm?, an open circuit
voltage of 0.97 V, and a fill factor of 0.29. In contrast, M2 produced a better performance
under identical device conditions. A PCE as high as 2.39% was recorded, with a short circuit
current of 6.49 mA/cm?, an open circuit voltage of 0.94 V, and a fill factor of 0.39.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction Following the extensive efforts in the development of new

LBG donor-acceptor conjugated polymers and device opti-

The last few years have given rise to a remarkable
development in bulk heterojunction polymer solar cells
(PSC) after the introduction of low band gap (LBG) alternat-
ing donor-acceptor (D-A) conjugated polymers blended
with fullerene derivatives such as 6,6-phenyl-C61-butyric
acid methyl ester (PC¢;BM) or 6,6-phenyl-C71-butyric acid
methyl ester (PC;;BM) as photoactive donor materials [1].
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mization, it is now possible to achieve PSC power conver-
sion efficiency (PCE) above 7% [2]. Very recently, an
outstanding PCE of 8.37% has further been accomplished
with simultaneous enhancement in short circuit current
(Jsc), open circuit voltage (V,.), and fill factor (FF) by incor-
poration of a conjugated polyelectrolyte cathode interlayer
in the solar cell device [2f], which additionally takes poly-
mer solar cell research one step ahead towards realization
for practical application and commercialization.
Solution-processable low molecular weight (LMW) or-
ganic semiconductors are potentially useful in exploiting
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solar energy and solving the global energy crisis and have re-
cently begun to attract large interest as photoactive donor
materials in bulk heterojunction organic solar cells [3].
Though still in the early research and development stage,
LMW organic semiconductors are promising substitutes
for conjugated polymers with substantial potential for gen-
erating low cost solar cells devices in the near future due to
the simple synthesis, high purity, reproducibility, and low
processing cost. With this motivation, continuous efforts
have recently been devoted to the creation of new small
molecular photoactive materials and their implementation
in OSCs applications [4]. In particular, more attention has
been paid to the design of small molecules with alternating
donor-acceptor (D-A) structures as they can efficiently ex-
tend the absorption band through intramolecular charge
transfer (ICT) in the D-A systems to better match the solar
spectrum and modulate the energy levels to achieve a high
power conversion efficiency in solar cells devices. For exam-
ple, Li etal. described a variety of D-A LMW small molecules
based on a triphenylamine (TPA) donor moiety linked to dif-
ferent acceptor moieties, benzothiadiazole (BT), 2-pyran-4-
ylidenemalonitrile (PM), and dicyanomethene with linear
or star-shaped molecular architectures. The PCE was im-
proved from 0.35% to 1.33% with molecular geometry and
the star-shaped material performed better than the linear
material [5]. More recently, Li et al. further reported new
D-mt-A star-shaped molecules using TPA as the core, dicy-
anovinyl as the end group and acceptor linked with either
abitihophene vinylene rt-bridge [6]. These molecules exhib-
ited an absorption band up to 750 nm with a low HOMO le-
vel (ca. —5.03 to —5.22) and yielded the best PCE up to 3.0%
in the OSC device by blending with PC;;BM [6]. Concur-
rently, Tian et al. demonstrated a series of symmetrical solu-
tion-processable small molecules consisting of TPA and PM
linked by different electron-donating moieties (phenothia-
zine, TPA and thiophene) [7]. Through the incorporation of
different electron donating moieties, this group provided a
method for tuning the optical band gap and energy level of
the conjugated system and obtained a PCE in the range of
0.65-1.31% in bulk heterojunction organic solar cells [7c].
Nugyen et al. recently reported a number of LMW-conju-
gated small molecules based on a diketopyrrolopyole
(DPP) pigment core with varied terminal donor segments
[8]. By replacing the terminal bithiophene with a benzofu-
ran substituent, they obtained a small molecule that has a
deeper HOMO level with high optical density, which yielded
high V,. values and a PCE greater than 4% on blending with
PC;:BM [8d]. A variety of other small molecules that include
well-known dye molecules, such as merocyanine [3b,9],
squaraine [10], borondipyrromethene [11], and isoindigo
[12] have also been reported. By employing a new m-conju-
gated rigidly fused and planar building block naphtho[1,2-
b:5,6-b’|dithiophene as core and benzothiadiazole or tri-
phenylamine-capped benzothiadiazole as terminal seg-
ments, our group has more recently developed novel
conjugated small molecules where the PCE up to 2.20% has
been achieved [13]. Meanwhile, Zhou et al. have addition-
ally demonstrated a more encouraging PCE of 5.88% by the
development of dithienosilole-based conjugated small mol-
ecules for solution processed OSCs with preliminary device
characterization [14]. Based on all these recent reports, it is

now quite evident that the absorption properties, energy
levels and charge carrier motilities can also be reasonably
tuned to those of efficient conjugated polymers that might
soon allow small molecules to deliver a PCE competent to
that of polymer solar cells.

Thiazole derivatives, thiophene-bithiazole and thio-
phene-thiazolothiazole emerged recently as promising
acceptors for use in the construction of conjugated poly-
mers. These appear to be very useful semiconductors for
both n-type and p-type organic field effect transistors with
high mobilities [15,16]. As high mobility materials are
desirable for active components in photovoltaic devices
for effective charge transport, many research groups have
explored the possible application of thiazole-containing
conjugated polymers in the field of bulk heterojunction
polymer solar cells. A series of alternating D-A conjugated
polymers were synthesized using a bithiazole unit (BTz)
with a donor counterpart, including fluorene [17a], carba-
zole [17b], dithieno|[3,2-b:23-d]pyrrole (DTP) [17b], and
dithieno[3,2-b:23-d]silole (DTS) [17b]. Of these, the DTS-
BTz copolymer demonstrated the best photovoltaic perfor-
mance with an optimized PCE of 2.86%. Recently, Li et al.
reported two new D-A conjugated polymers containing a
bezodithiophene (BDT) donor unit and BTz or thiazolo-
thiazole (TTz) acceptor units [18]. Preliminary studies of
photovoltaic cells using blends of TTz-based copolymers
and PC;:BM as the active layer reported an efficiency of
2.60%, while the BTz-based copolymer provided a PCE of
2.03% under identical conditions. In parallel, Shim and
co-workers also reported conjugated polymers containing
both BTz and TTz units with cyclopentadithiophene
(CPDT)-based donors that demonstrated power conversion
efficiencies (PCEs) as high as 2.23% under optimized device
conditions [19]. In addition, our group also described a
TTz-based conjugated copolymer with a didecyloxynaph-
thalene donor unit with a PCE of approximately 1% [20].
More recently, a TTz and dithienosilole containing conju-
gated copolymer has demonstrated excellent photovoltaic
performance with a PCE of 5.59%, which further suggests
that thiazole derivatives could be a promising building
block for D-A conjugated copolymers and small molecules
[21].

Although, thiazole derivatives have been successfully
investigated as comonomers for the synthesis of low band
gap D-A conjugated polymers yielding PCEs of ~0.5-5.6%
in polymer solar cells, the application of bithiazole or thiaz-
olothiazole-based small molecules in bulk-heterojunction
organic solar cells have not been reported. Therefore, to
elucidate their potential in a solution-processable, small
molecule organic solar cell, we have designed and synthe-
sized two new conjugated small molecules: 5,5-bis(2-tri-
phenylamino-3-decylthiophen-2-yl)-2,2-bithiazole (M1)
and 2,5-bis(2-triphenylamino-3-decylthiophen-2-yl)thiaz-
olo[5,4-d]thiazole (M2). The small molecules have a D-A-
D structure consisting of 5,5-bis(3-decylthiophen-2-yl)-2,
2-bithiazole or 2,5-bis(3-decylthiophen-2-yl)thiazolo[5,4-
d]thiazole as a central acceptor segment and TPA as a termi-
nal donor segment. The molecules were synthesized using a
palladium (0)-catalyzed Suzuki coupling reaction, and the
optical and electrochemical properties were compared
using UV-vis, photoluminescence (PL), and cyclic voltam-
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metry (CV). The photovoltaic performances of the small
molecules were investigated by fabricating a bulk hetero-
junction solar cell device with M1 or M2 as the donor and
PCs1BM/PC71BM as the acceptor. The performances of the
0SC devices fabricated with M1 or M2 were analyzed based
on the morphology of the active layer using atomic force
microscopy (AFM).

2. Experimental section
2.1. Materials

2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane,

3-bromothiophene, dithioxamide, 2-bromothiazole, n-but
yllithium (2.5 mol/L in hexane), 1,3-bis(diphenylphosphi
no)propane dichloronickel (II) [Ni(dppp)], 4-(diphenylami
no)phenylboronic acid, N,N-dimethylformamide (DMF) (an
hydrous, 99.8%), N-bromosuccinimide (NBS), and 1-bromo-
decane were purchased from Aldrich. Palladium(Il)acetate
[Pd(OACc),], tetrakis(triphenylphosphine)palladium(0) [Pd
(PPhs3)4] were obtained from Strem Chemicals. Tetrahydro-
furan and diethyl ether were distilled over sodium/benzo-
phenone to maintain the anhydrous condition before use.
Chloroform was purified by refluxing with calcium hydride
and then distilled. All other chemicals were reagent grade
and obtained from commercial sources (Fluka, Across, and
TCI) and used as-received without further purification un-
less stated otherwise. 2-(3-decylthiophen-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (1) [22a], 5,5-dibromo-
2,2-bithiazole (2) [22b], and 3-decylthiophene-2-carboxal-
dehyde (8) [22c] were synthesized following previously re-
ported methods.

2.2. Synthesis of compounds

2.2.1. 5,5-Bis(3-decylthiophen-2-yl)-2,2-bithiazole (3)

5,5-Dibromo-2,2-bithiazole (2) (1.11g, 3.4 mmol), Pd
(PPhs)4 (0.40 g, 0.34 mmol) under a N, atmosphere, 30.0 mL
of degassed toluene and 10.0 mL of degassed 2 M aqueous
K;CO5 solution were added to a mixture of 2-(3-decylthio-
phen-2-y1)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1) (2.9
8 g, 8.5 mmol), and the resulting solution was vigorously stir-
red and heated at reflux for 24 h. When the reaction was com-
pleted, water was added to quench the reaction. The product
was extracted with dichloromethane (CH,Cl,). The organic
layer was collected, dried over anhydrous MgSO, and evapo-
rated under reduced pressure. The resulting crude product
was adsorbed on silica gel and purified by column chromatog-
raphy using a hexane/CH,Cl, mixture (4:1) as the eluent to
produce 3 (1.08 g, 64%) as a dark yellow solid. TH NMR
(400 MHz, CDCl5, ppm) &: 7.84 (s, 2H), 7.24-7.21 (d, 2H),
6.95-6.93 (d, 2H), 2.72 (t, 4H), 1.58 (q, 4H), 1.33-1.22 (m,
28H), 0.84 (t, 6H). 3C NMR (CDCl;, 100 MHz, ppm) &:
160.23, 141.92, 141.30, 133.44, 13025, 126.04, 125.32,
31.91,30.53,29.62, 29.53,29.50,29.49, 22.59, 14.12. Elemen-
tal analysis: Calculated for C34H4sN>S4: C, 66.62%; H, 7.89%; S,
20.92%. Found: C, 65.98%; H, 7.96%; S, 20.84%.

2.2.2. 5,5-Bis(5-bromo-3-decylthiophen-2-yl)-2,2-bithiazole
4)

5,5-Bis(3-decylthiophene-2-yl)-2,2-bithiazole (3) (0.8 g,
1.3 mmol) was dissolved in a mixture of chloroform

(7.5mL) and glacial acetic acid (7.5 mL). NBS (0.48 g,
2.73 mmol) was added drop-wise to the solution and stir-
red in the dark for an hour. The reaction mixture was sub-
sequently hydrolyzed with water and extracted with
dichloromethane. The organic layer was washed three
times with 40 mL water and dried over magnesium sulfate.
The residue obtained via solvent evaporation was purified
using column chromatography with silica gel (eluent: hex-
ane/CH,Cl, = 5:1 v/v) to produce product 4 as a yellow so-
lid (0.72 g, 72%). 'TH NMR (400 MHz, CDCls, ppm) 6: 7.80 (s,
2H), 6.95 (s, 2H), 2.69 (t, 4H), 1.58 (q, 4H), 1.25 (m, 28H),
0.87 (t, 6H). '3C NMR (CDCl;, 100 MHz, ppm) §: 160.43,
142.62, 141.70, 132.88, 132.25, 127.34, 112.43, 31.87,
30.41, 29.56, 29.50, 29.38, 29.29, 22.65, 14.1. Elemental
analysis: Calculated for C34H4eBroN,Ss: C, 52.98%; H,
6.02%; S, 16.64%. Found: C, 52.87%; H, 6.11%; S, 16.58%.

2.2.3. 2,5-Bis(3-decylthiophen-2-yl)thiazolo[5,4-d]thiazole
(9)

A solution of 3-decylthiophene-2-carboxaldehyde (8)
(3.4 g, 13.5 mmol) and dithiooxamide (0.735 g, 6.13 mmol)
in N,N-dimethylformamide (30 mL) was heated under re-
flux for 6 h and cooled to room temperature. The reaction
mixture was poured into water and extracted with methy-
lene chloride. The organic layer was washed three times
with water and dried over anhydrous magnesium sulfate.
The solvent was evaporated, and the brown residue was
purified via column chromatography using silica gel (elu-
ent: hexane/dicholoromethane =5:1 v/v) to produce the
product (yield = 22%). "TH NMR (400 MHz, CDCl;, ppm) &:
7.36 (d, J=5.1Hz, 2H), 7.04 (d, J=5.1 Hz, 2H), 2.98 (t,
J=7.6Hz, 4H), 1.71 (q, ] = 7.8 Hz, 4H), 1.29 (br, 28H), 0.90
(t, J=6.7Hz, 6H). '3C NMR (CDCl;, 100 MHz, ppm) é:
161.6, 150.0, 143.1, 131.8, 130.8, 127.3, 31.92, 304, 30.1,
30.0, 29.6, 29.5, 29.4, 22.7, 14.1. Elemental analysis: Cal-
culated for C3;H4eN,S4: C, 65.48%; H, 7.9%; S, 21.85%.
Found: C, 65.5%; H, 7.75%; S, 21.92%.

2.2.4. 2,5-Bis(5-bromo-3-decylthiophen-2-yl)thiazolo[5,4-
d]thiazole (10)

2,5-Bis(3-decylthiophen-2-yl)thiazolo[5,4-d]thiazole (9) (2
gm, 34 mmol) was dissolved in a mixture of chloroform
(20 mL) and glacial acetic acid (20 mL). NBS (1.33 g, 7.5 mmol)
was added drop-wise to the solution and stirred in the dark for
an hour. The reaction mixture was subsequently hydrolyzed
with water and extracted with dichloromethane. The organic
layer was washed three times with 100 mL water and dried over
magnesium sulfate. The residue obtained via solvent evaporation
was purified using column chromatography with silica gel (elu-
ent: hexane/dichloromethane = 5:1 v/v) to produce a yellow so-
lid product. (yield = 75%). 'HNMR (400 MHz, CDCls, ppm) 6: 6.88
(s,2H), 2.81 (t,] = 7.6 Hz, 4H), 1.61 (q, 4H), 1.20 (br, 28H), 0.81 (t,
J=7.2 Hz,6H). >*CNMR (Fig. S6)(CDCls, 100 MHz, ppm) 6: 160.3,
150.0, 1434, 1334, 1154, 31.9, 30.2, 29.8, 29.7, 29.6, 294, 29.3,
22.7,14.1. Elemental analysis: Calculated for C3;H44BroN,S4: C,
51.61; H, 5.95; S, 17.22. Found: C, 51.7; H, 5.88; S, 17.12.

2.2.5. 5,5-Bis(2-triphenylamino-3-decylthiophene-2-yl)-2,2-
bithiazole (M1)

In a 50 mL flame-dried two neck flask, 5,5-bis(5-
bromo-3-decylthiophene-2-yl)-2,2-bithiazole (4) (0.3 g,
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0.39 mmol), 4-(diphenylamino)phenylboronic acid (11)
(0.28 g, 0.97 mmol), and Pd(PPhs)4 (40 mg, 10 mol%) were
added and subjected to three vacuum/nitrogen fill cycles.
Nitrogen-degassed toluene (12 mL) and an aqueous 2 M
K,COs5 solution (4 mL) were subsequently added. The reac-
tion mixture was heated to reflux for 24 h and was moni-
tored by TLC. After completion, water was added to
quench the reaction and the organic layer was extracted
with dichloromethane. The dichloromethane was subse-
quently removed under reduced pressure. The resulting
crude product was purified by column chromatography
eluting with hexane/CH,Cl; (4:1) to produce the target com-
pound M1 as a red solid (0.28 g, 67%). 'H NMR (400 MHz,
CDCls, ppm) 6: 7.87 (s, 2H, ArH), 7.45-7.26 (dd, 8H, ArH),
7.26-7.08 (dd, 4H, ArH), 7.12-7.02 (dd, 16H, ArH), 7.04 (s,
2H, ArH) 2.78 (t, 4H), 1.69-1.64 (m, 4H), 1.40-1.25 (m, 28
H), 0.87 (t, 6H). 1*C NMR (CDCls, 100 MHz, ppm) 6: 159.69,
147.70, 147.32, 143.62, 142.81, 140.89, 133.61, 129.32,
127.38, 126.46, 125.25, 124.71, 124.65, 123.31, 123.27,
31.87, 30.42, 29.78, 29.67, 29.58, 29.52, 29.48, 29.30,
22.65, 14.09. Elemental analysis: Calculated for
C70H74N4S4, C, 76.46%; H, 6.78%; S, 11.66%. Found: C,
76.43%; H, 6.82%; S, 11.71%.

2.2.6. 2,5-Bis(2-triphenylamino-3-decylthiophen-2-
yl)thiazolo[5,4-d]thiazole (M2)

2,5-Bis(2-triphenylamino-3-decylthiophen-2-yl)thiazol
o[ 5,4-d] thiazole (M2) was prepared using a method simil
ar to that reported for compound M1. Briefly, a mixture of
2,5-bis(3-decylthiophen-2-yl)thiazolo[5,4-d|thiazole (9) (0
.24 g, 0.32 mmol), 4-(diphenylamino)phenylboronic acid
(11) (0.23 g, 0.80 mmol) and Pd(PPhs), (30 mg, 10 m ol%)
were refluxed in nitrogen-degassed toluene (12 mL) and
an aqueous 2 M K,CO3 solution (4 mL) to yield 0.21¢g
(63%) of M2 as a red solid. '"H NMR (400 MHz, CDCls,
ppm) §: 7.47-7.25 (dd, 8H, ArH), 7.25-7.1 (dd, 4H, ArH),
7.12-7.02 (dd, 16H, ArH), 7.04 (s, 2H, ArH) 2.89 (t, 4H),
1.75-1.70 (m, 4H), 1.45-1.26 (m, 28 H), 0.87 (t, 6H). '3C
NMR (CDCl3, 100 MHz, ppm) ¢6: 160.99, 149.84, 147.88,
147.29, 147.21, 145.34, 143.99, 130.13, 129.66, 129.32,
127.12, 126.46, 125.55, 124.86, 124.74, 123.34, 123.03,
122.56, 31.87, 30.46, 29.81, 29.68, 29.60, 29.45, 29.32,
22.65, 14.10. Elemental analysis: Calculated for
C70H74N4S4, C, 76.46%; H, 6.78%; S, 11.66%. Found: C,
76.43%; H, 6.82%; S, 11.71%.

2.3. General instrumentation

The 'H and '*C NMR spectra were recorded on a JEOL
FT-NMR (400 MHz) spectrophotometer using CDCl3 as a
solvent. Chemical shifts were reported as § values (ppm)
relative to tetramethylsilane (TMS) as internal standards.
Elemental analyses were performed using CE Instruments
Flash EA 1112 series. UV-Vis absorption spectra were ob-
tained using a Shimadzu UV-2550 spectrophotometer.
Photoluminescence (PL) spectra of films or solutions in
chloroform were obtained using a FP-6500 (JASCO). Differ-
ential scanning calorimetry (DSC) was performed on a TA
instrument (DSC 2910) at a heating rate of 15 °C min~! un-
der a nitrogen atmosphere. Cyclic voltammetry (CV) mea-
surements were performed on a VersaSTAT3 (METEK)

using a solution of tetrabutylammonium hexafluorophos-
phate (n-BuyNPFg) (0.10 M) in acetonitrile, under argon,
at a scan rate of 50 mV s~ at room temperature. A Pt wire
and Ag/AgCl were used as the counter and reference
electrodes, respectively. The surface morphology was mea-
sured using an atomic force microscope (AFM, Digital
Instruments, tapping mode).

2.4. Photovoltaic device fabrication and characterization

The organic photovoltaic cells were prepared on a com-
mercial ITO-coated glass substrate with a sandwiched struc-
ture of glass/ITO/PEDOT:PSS/M1 or M2:PCs;BM and
PC,;BM/LiF/Al with an active area of 9 mm?. Prior to use,
the patterned ITO glass was cleaned with deionized water,
acetone, and isopropyl alcohol using ultrasonication, fol-
lowed by treatment with UV and Os. The PEDOT:PSS (Al
4083, H.C. Starck) was spin-coated (2600 rpm, 40 s) onto
the ITO glass at a thickness of 40 nm and dried at 140 °C
for 20 min. Blends of M1 or M2 and PCsBM or PC;;BM
(Nano-C, USA) with different weight ratios (from 1:1 to
1:4 w/w)was solubilized overnight in chloroform or chloro-
benzene, filtered through a 0.45-pm poly(tetrafluoroethyl-
ene) (PTFE) filter and subsequently spin-coated at 1000-
3000 rpm for 60s (thickness, 60-95 nm) onto the PED-
OT:PSS layer of the ITO. The resulting films were dried at
RT for 20 min under nitrogen and then under vacuum at
room temperature for 12 h. The devices were completed
by deposition of a 0.5-nm layer of LiF and a 120-nm Al layer.
The current-voltage (J-V) characteristics of the photovoltaic
devices were measured in the dark and under white light
illumination at AM 1.5G using a solar simulator (Newport)
at 100 mW/cm?, adjusted with a standard PV reference
(2 x 2 cm), a mono-crystalline silicon solar cell (calibrated
at NREL, Colorado, USA) with a Keithley 2400 source-mea-
sure unit. The external quantum efficiency (EQE) was deter-
mined using a Polaronix K3100 spectrometer.

3. Results and discussion
3.1. Synthesis and structural characterization

The syntheses of the small molecules M1 and M2 are
outlined in Scheme 1. Decylthiophene-capped-bithiazole
(3) was prepared using a Suzuki coupling reaction between
1 and 2 with Pd(PPhs), as a catalyst. Compound 8 was re-
acted with dithioxamide to prepare the thiazolothiazole
derivative (9) with slight modification of the procedure re-
ported by McCullough et al. [15c]. Both 3 and 9 were bro-
minated with NBS to produce the bromine functionalized
bithiazole (4) and thiazolothiazole (10) derivatives. Finally,
a Pd(PPhs)s-catalyzed Suzuki coupling reaction between
11 and 4 or 10 produced the target small molecules, M1
and M2. The small molecules and intermediate compounds
were characterized using '"H-NMR, '>*C-NMR, and elemen-
tal analysis. DSC measurements were performed to deter-
mine the molecular transition of the small molecules.
However, no glass transition or melting was observed,
which suggests that these small molecules are amorphous
in nature.
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Scheme 1. Synthetic route to produce the small molecules. Reagents and conditions: (i) Pd(PPhs),, K2COs, toluene, reflux; (ii) NBS, CHCl3/AcOH; (iii)
Ni(dppp), ether, C;oH>;MgBr; (iv) NBS, DMF, room temperature, 12 h; (v) n-BuLi, DMF, THF, —78 °C; (vi) DMF, reflux, 5 h; (vii) NBS, CHCl3/AcOH; (viii)

Pd(PPhs),, K,COs, toluene.

Table 1
The optical and electrochemical properties of small molecules.
Small Jmax (M), 2O PE/'HOMO  9LUMO
molecule chloroform (eV) (eV) (eV)
Solution  Film
M1 452 462 2.22 0.87/-5.27 -3.05
M2 465 469 2.25 0.92/-5.32 -3.07

b Eopt l240/(;onset)ﬁlm

b Potentlal determined by cyclic voltammetry in 0.10 M Bu4yNPFg-
CH5CN vs. Ag/AgCl.

€ HOMO = —e(4.4 + EQnee,) (V).

4 LUMO = Eg** + HOMO.

3.2. Optical properties

The UV-visible absorption spectra of the small molecules
were measured at room temperature both in dilute (10~ M)
chloroform solutions and in spin coated thin films. The cor-
responding absorption data are summarized in Table 1.
Fig. 1 presents the normalized UV-Vis spectra of both M1
and M2 in chloroform and as a cast thin film. The M1 in chlo-
roform solution showed absorption band in the range of
300-550 nm with an absorption maximum (Amax) at
452 nm. The M2 also exhibited an absorption band in the
range of 300-550 nm, however, the /,.x of M2 was located
at 465 nm, which was 13 nmred shifted in comparison with
that of the M1 in solution. In addition, at 465 nm, the molar
extinction coefficient of M2 (53,000 L M~'cm ') was higher
than that of M1 (39,800 LM~'cm™"). The small molecules
have a D-A-D structure in which the terminal donor (D)
segments are same (triphenyl amine), while they differ only
at the acceptor (A) counterpart, i.e. bithiazole in case of M1
and thiazolothiazole in case of M2. In general, using the
same donor unit with varying only at the acceptor
counterpart, the optical properties of a D-A conjugated

small molecule depend on the strength of the acceptor.
The stronger the electron-withdrawing ability of the accep-
tor, higher is the electron delocalization degree and stronger
is the intermolecular charge transfer transition. However, in
the present case, since, both M1 and M2 have same elec-
tron-withdrawing imine (-C=N) groups in the respective
thiazole units, the difference in the electron withdrawing
ability of thiazolothiazole or bithiazole units are supposed
to have negligible effect in the difference of the optical prop-
erties of the small molecules, which is quite evident by the
similar absorption patterns of M1 and M2. However, the
small difference as revealed in the absorption maxima and
molar extinction coefficient can be attributed to the differ-
ent structural arrangement of the small molecules, as it is
widely known that planar structure also makes a difference
in the effective conjugation length and absorption proper-
ties than those with non-planar structure. More specifically,
unlike M1, which contains two thiazole rings connected
through a single bond, M2 possesses two thiazole rings
fused in the core, which is likely to enhance the coplanarity
of the M2 molecule, extend the conjugation length and con-
sequently cause a slight red-shifted absorption maxima and
a higher molar extinction coefficient [18,21,23-26]. A com-
parison of the thin film absorption spectra of the small mol—
ecules further revealed that M2 (AL (Amax (solid) — Amax
(solution) ~ 4 nm) had a slightly less red shifted i,,.x than
M1 (A4~ 10nm) as compared to when in solution, thus
indicating M2 to be comparatively more aggregated even
in solution. In other words, a substantial amount of inter-
chain electronic delocalization was already achieved in
solution for M2 due to its more planar thiazolothiazole unit.
The optical band gap (Egp‘) of M1 calculated from the absorp-
tion edge was 2.22 eV, which was slightly (0.03 eV) less than
that of M2. The Egp' values of the present small molecules
were higher (~0.05-0.07 eV) than the triphenylamine-ben-
zothiadiazole (TPA-BT) containing analogous small mole-
cule reported by Zhan and co workers [27], which can be
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Fig. 1. (a) Normalized UV-vis absorption spectra of M1 and M2 in chloroform (1 x 107> M) and as thin films at room temperature; (b) Photoluminescence

spectra of M1, M2 and M1 or M2/PCgBM-blended films.

explained by the weaker electron withdrawing ability of
bithiazole or thiazolothiazole units compared to bezothi-
adiazole counterpart. As the band gap of the donor materials
is the difference between the HOMO and LUMO energy lev-
els, the relatively higher band gap of M1 and M2 may pro-
duce a low lying HOMO value which in turn facilitates the
improvement in the photovoltage of the solar cell devices.

PL spectra of the small molecules and small molecules
blended with PCBM were examined for the charge transfer
process from small molecules to PCBM. Fig. 1b compares
the PL spectra of M1, M2, and M1 or M2/PCg;BM composite
in solid thin film states with different weight ratios (1:0,
1:1, and 1:2). M1 showed a strong PL emission band with
emission maxima at 604 nm, whereas M2 exhibited an
emission band at 591 nm, which was blue-shifted 13 nm
compared to that of M1. Upon addition of PCBM, the emis-
sion bands for both M1 and M2 were nearly quenched,
even with 1:1 (w/w) blend ratio, indicating an effective
charge transfer process between the small molecules and
PCBM.

3.3. Electrochemical properties

In order to evaluate the electrochemical properties of
the small molecules, CV was performed in a 0.1 M solution
of BuyNPFg in acetonitrile at room temperature under ar-
gon with a scan rate of 50 mV s~'. The CV curves were re-
corded referenced to Ag/AgCl reference electrode, which
was calibrated using ferrocene/ferrocenium (Fc/Fc*) redox
couple (4.4 eV below the vacuum level) as an external
standard. The cyclic voltammogram of M1 and M2 are dis-
played in Fig. 2a. On the anodic sweep, M1 exhibited a
slightly reversible oxidation peak with onset potentials
(Exx.oc) of 0.87 V (versus Ag/AgCl), while M2 showed a com-
pletely irreversible peak with onset oxidation potentials of
0.92 V. The HOMO energy levels of the small molecules
were determined to be —5.27 eV, for M1 and -5.32 eV
for M2 from the corresponding EX: .. according to the

onset

following equation: Epomo = —€(Eone., +4.4) (eV) [28].
Based on the correlation between the HOMO energy level
and Egpt, estimated from the UV-Vis absorption spectrum
of the film samples (E; = Enomo — Erumo), the LUMO energy
levels of M1 and M2 were calculated to be —3.05 eV and
—3.07 eV, respectively. The results of the electrochemical
measurements and calculated energy levels of the small
molecules are further listed in Table 1. By comparing the
energy levels in Table 1, it appeared that though there is
slight difference (0.05eV) in the HOMO energy levels of
the small molecules, the LUMO energy levels of M1 and
M2 remained almost invariant. Since, the LUMO level is
mainly delocalized in the acceptor counterpart, the unaf-
fected LUMO energy levels for the small molecules indicat-
ing that both the acceptor bithiazole and thiazolothiazole
contributed almost similar electron-deficient character in
the D-A-D conjugated unit, which additionally support
our discussion with the optical properties of the small mol-
ecules in the previous section. The small difference in
HOMO value of M1 compared to M2 could be explained
by the reduction in band gap of M1. It is further important
to note that the oxidation potential of both M1 and M2 is
greater than that of regioregular poly(3-hexylthiophene)
(rrP3HT) [29], which indicates that the present small mol-
ecules have better oxidative stability as compared to
rrP3HT. In addition, the LUMO energy levels of the small
molecules (M1 and M2) are well-aligned with the LUMO
levels of PCBMs [30a] (Fig. 2b) with energy difference
>0.3 eV, indicating that the generated excitons can effi-
ciently be dissociated at the interface between small mol-
ecules and PCBM [30b]. The HOMO energy levels of M1 and
M2 are less (0.07-0.12 eV) than that of the analogous small
molecules based on TPA-BT [27]. Since the V,. of OSC is
determined by the difference between the HOMO level of
the donor and the LUMO of the acceptor, the HOMO energy
level of the related donor molecules in a bulk-heterojunc-
tion photovoltaic cell is very important for a high efficiency
device [31,32]. Obviously, it is expected that with a
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Fig. 2. (a) Cyclic voltammogram of M1 and M2 films on a platinum electrode in a 0.1 mol L~' BuyNPFs CH3CN solution at a scan rate of 50 mV/s. (b) The

HOMO and LUMO energy levels of the small molecules and PCBMs.

relatively low HOMO level (—5.27 to —5.32 eV) compared
with P3HT (HOMO = —4.76 eV) [29] or TPA-BT small mol-
ecule (HOMO = —-5.2) [27], our newly synthesized small
molecules may favor for the improvement of the V,. on
construction of the photovoltaic cells with PCBM as
acceptor.

3.4. Photovoltaic properties

To explore the photovoltaic performance of the small
molecules, bulk heterojunction OSCs were fabricated using
M1 and M2 as the donor and fullerene derivatives, PCq;BM
or PC71BM as the acceptor with device architecture ITO/
PEDOT:PSS/M1 or M2:PC¢;BM or PC;;BM/LiF/Al. During
the preliminary device optimization process, we fabricated
cells with different small molecule/PCs;BM weight ratios
(from 1:1 to 1:4) at an active layer thickness of 80-
85 nm (a spin-coating rate of 1000 rpm for 60 s) from chlo-
roform solution. All devices were tested in the dark and
under illumination of AM 1.5G (100 mW/cm?). The typical
current density-voltage (J-V) characteristics of the related
solar cell devices are presented in the Supporting Informa-
tion (Fig. S9). The corresponding short circuit current (Jsc),
open circuit voltage (V,), fill factor (FF), and power conver-
sion efficiency (PCE) of the devices are summarized in Ta-
ble 2. Optimal fabrication conditions were achieved using a
small molecule-to-PCg:BM ratio of 1:3 (w/w) for both M1
and M2. The device with a 1:3 weight ratio of M1 to
PCg:BM provided a V,. of 0.72V, a Ji. of 2.42 mA cm 2,
and FF of 0.42, resulting in an estimated PCE of 0.74%. In
contrast, the device based on M2 and PCs;BM with the
same weight ratio delivered a slightly improved perfor-
mance with a V. of 0.92V, a Ji of 2.79 mA cm~2, and an
FF of 0.32, yielding a PCE of 0.81%. Because of the similar
absorption profile, both the small molecules produced a
similar Js. in the solar cell devices. However, the V. of
the photovoltaic devices based on M1/PCs;BM were less
than that of the M2/PCg;BM devices, despite their similar
HOMO level, which attributed to the different device mor-
phology as discussed later.

PC71BM has more absorption in the visible region than
PCs1BM [33]. Therefore, at identical device conditions,
PC;1BM may contribute to more current from the device
and may provide a means to enhance the device efficiency.
In order to determine if the performances of the small

molecules could be further improved with PC;,BM, we also
fabricated a series of devices using PC;;BM as the acceptor.
The small molecule to PC;;BM ratio was fixed at 1:3 and
the active layer was coated from a chloroform solution at
a thickness of ~80-85 nm, as this condition was optimal
for PCg;BM. The device results are listed in Table 2. Indeed,
after changing the electron acceptor from PCg;BM to
PC7,BM, a higher Js. value was obtained for both M1 and
M2 devices due to the higher absorption coefficient of
PC7:BM in the visible region [34-36]. More interestingly,
a dramatic increase in Jc was observed from 2.79 to
6.36 mA cm 2 for M2, which was much larger than that
of M1. The J;. strongly depends on the number of excitons
generated in the photoactive layers and their dissociation
into free charge carriers at the interfaces, which is directly
related to the optical absorption properties of the photoac-
tive layers. Although the small molecules M1 and M2 have
a similar E; with a gap difference of 0.03 eV, M2 has a
stronger absorption with 1.33 times higher molar absorp-
tivity (at longer wavelength ~ 465 nm) than M1, which
plausibly contributed to more excitons and charge genera-
tion in the M2/PC;;BM device than in the M1/PC;;BM de-
vice. The larger number of generated excitons is likely
one of the main reasons for the enhanced Js. in the M2/
PC;:BM devices. However, the effect of differences in
charge carrier mobility cannot be ruled out [37]. More spe-
cifically, because of a more planar structure, charge trans-
port is expected to be better-facilitated in M2/PCBM
devices than in M1/PCBM devices, which could be an alter-
native reason for the enhanced Js. in the M2/PC;;BM-based

Table 2

Summary of photovoltaic performances of the OSCs based on M1 and
M2:PCBM blends with different weight ratio in chloroform with active
layer thickness 80-85 nm.

Active layer Jse MAcm™2) Voo (V)  FF PCE (%)
M1:PCs;BM =1:1 1.77 0.77 0.34 0.46
M1:PCs:BM =1:2 1.56 0.69 0.36 0.39
M1:PC¢;BM =1:3 2.42 0.72 0.42 0.74
M1:PCs;BM = 1:4 131 0.68 0.39 0.35
M1:PC;1BM =1:3 4.05 0.94 0.27 1.03
M2:PCs:BM=1:1 145 0.94 027 037
M2:PCe;BM =1:2 2.52 0.92 0.32 0.75
M2:PCs;BM =1:3 2.79 0.92 0.32 0.81
M2:PCe;BM =1:4 2.52 0.92 0.30 0.70
M2:PC;1BM =1:3 6.36 0.92 0.35 2.05
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devices. In fact, a higher hole mobility was also observed
earlier for TTz-based conjugated polymers compared to
that of the corresponding BTz copolymer due to the highly
rigid and planar thiazolothiazole unit in the backbone,
which enhanced the -7 intermolecular stacking [18,26].
In addition to Js, the V.. for the M1/PC;;BM cell was
greatly improved from 0.72 to 0.94 V; however such an
improvement was not observed for M2/PC;,BM cells, but
a steady value of V. (0.92 V) was obtained. With the in-
creased Js, the PCE of M1 increased from 0.7% to 1.03%,
while the PCE increased from 0.81 to 2.05% for M2, which
is approximately a 2.5-fold increase over the device based
on M2/PCg;BM.

In addition to two different PCBM qualities, the varia-
tion of solvent was also considered for further improve-
ment of the device performance. The choice of solvent
can greatly affect the morphology of the active layers and
thus influence the overall device performance [38,39]. Sev-
eral other groups have systematically investigated the ef-
fect of solvents on the morphology of small molecules
and in many cases, chlorobenzene was proven to be a bet-
ter solvent for achieving higher photovoltaic performance
[7¢,36,40,41]. Therefore, in our study, in addition to chloro-
form, we also fabricated cells with active layers processed
from chlorobenzene while maintaining the weight ratio of
small molecules:PC71BM at 1:3. However, the thickness of
the active layers varied within the range of 65-95 nm by
changing both the spinning speed and concentration of
the active layer solution to optimize the active layer thick-
ness. Fig. 3a displays the J-V curves of representative cells
prepared from small molecule blends with PC7;BM. The so-
lar cell device parameters are summarized in Table 3. The
M1:PC7;BM device (1:3 w/w) with an active layer thick-
ness of approximately 65 nm had a V,. of 0.97V, a Js. of
4.63 mA cm~2, and FF of 0.29, resulting in an estimated
PCE of 1.30%. For M2, the device with a M2:PC;;BM
(1:3w/w) and active layer thickness of approximately
75 nm exhibited the best PCE of 2.39% with a V,. of
0.94V, a J,. of 6.49 mA cm™2, and FF of 0.39. By changing
the processing solvent from chloroform to chlorobenzene,
all three device parameters (Vo, Jsc, and FF) for both M1/
PC;1BM and M2/PC;;BM solar cell devices slightly im-
proved, and this improvement may have resulted from
better device morphology.

When comparing the performance of our M2/PC;;BM de-
vice with that of the device based on an analogous small
molecule, TPA-BT, and PC;,BM reported by Zhan et al., the
present device exhibits a 2.81 mA/cm? higher J, and a
0.08 V larger V. than that of the TPA-BT/PC;;BM device
and as a consequence, a 1.16% higher PCE value. Fig. 3(b)
compares the EQE of M1/PC7,BM (1:3 w/w) and M2/PC;,BM
(1:3 w/w) devices fabricated from the chlorobenzene solu-
tion together with as cast composite film absorption. Both
devices exhibited photon to current conversion efficiency
in the range of 300 to 700 nm, which corroborates the corre-
sponding absorbance spectra and thus suggests that most of
the absorptive photons are converted into a photocurrent.
The M1/PC;;BM device exhibited a maximum EQE over
30% in the range of 380 to 520 nm. In comparison, the M2/
PC71BM showed a broader and higher EQE with a maximum
efficiency of 50% at 380 nm and 46% at 480 nm.

3.5. Device morphology

To gain a better understanding of what may be control-
ling the different photovoltaic performances of the small
molecules, AFM measurements were performed to exam-
ine the surface morphology of the M1 or M2/PCBM com-
posite films under different conditions. Fig. 4a and b
show AFM topography and phase images of M1:PCs;BM
(1:3 w/w) and M2:PCs:BM (1:3 w/w) blended films cast
from chloroform. M1 had poor miscibility with PCgBM,
resulting in large phase segregated domains throughout
the surfaces. In comparison, regardless of their structural
similarity, M2 was more compatible with PCs;BM, leading
to smaller M2 and PCg;BM (rms 0.74) aggregated domains
in the matrix and lower surface roughness compared to the
M1:PCs;BM blend film (rms 1.36 nm). The increased phase
segregated domains and higher roughness induced a de-
crease in the D/A interfacial area for efficient charge sepa-
ration and transport, resulting in both lower J. and lower
Voc values in the M1/PCg;BM devices as shown in Table 3.
On replacement of PCg;BM with PC7{BM in M1/PC;;BM
(Fig. 4c) and M2/PC7;BM (Fig. 4d) films, the number of
phase-segregated domains was reduced and the surface
morphology appeared to improve significantly, suggesting
that M1 and M2 are more miscible with PC7;BM compared
to PCg;BM. Moreover, the M2/PC7;BM film exhibited rela-
tively smoother morphology with homogeneous distribu-
tion of M2 and PC;;BM (rms 0.24 nm), which accounts
for its better photovoltaic performance compared to that
of the M1:PC;;BM device. When comparing the AFM
images of M1:PC;1BM (Fig. 4e) and M2:PC;;BM (Fig. 4f)
films coated from the chlorobenzene solution to that of
films from chloroform (Fig. 4c and d), not much improve-
ment in morphology was observed and the surface rough-
ness remained nearly the same. However, more intimate
mixing with a decreasing domain size of M1 or M2 and
PC71BM occurred, which could partially explain the slightly
improved device performance compared to the device pro-
cessed from the chloroform solution.

4. Conclusions

In summary, we designed, synthesized and characterized
two novel small molecules M1 and M2 based on thiophene-
bithiazole and thiophene-thiazolothiazole acceptors,
respectively, with a D-A-D type molecular structure. These
small molecules had very similar optical band gaps (2.22-
2.25¢eV) and fairly close HOMO energy levels (—5.27 to
—5.32 eV). The best BH]J solar cells using M2 as a donor
and PC7;BM as an acceptor demonstrated efficient device
performance with a noticeably high V,. of 0.94 V and a PCE
of nearly 2.4%. The OSC based on M1 and PC;;BM exhibited
an even higher V,. of 0.97 V under optimized conditions,
however the device efficiency was relatively low (1.30%)
with a low Js. due to suboptimal film morphology and poor
charge transport capability. Though, as a consequence of
our simple, rational, and straightforward synthetic design
we could achieve the HOMO value of one of the small mole-
cules, M2 (—5.32 eV) very close to the proposed ideal HOMO
value of —5.4 eV [32] resulting in a notably high V,, the PCE
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Fig. 3. (a)J-V curves for small molecule:PC;;BM solar cell devices at a 1:3 w/w ratio in chlorobenzene under an illumination of AM 1.5G and 100 mW/cm?.
(b) EQE of the solar cell devices and absorbance spectra of the as-cast thin film of the small molecule:PC;;BM composites at a 1:3 w/w ratio in

chlorobenzene.

Table 3

Photovoltaic performances of the OSCs based on M1 and M2:PC;;BM
blends (1:3 w/w) with different active layer thickness processed from
chlorobenzene solvent.

Active layer Thickness Jo (MAcm™2) V. (V) FF PCE (%)
M1:PC;;BM 92 2.69 0.72 029 0.55
M1:PC;;BM 84 4.44 0.78 031 1.05
M1:PC;;BM 72 4.88 0.76 032 1.19
M1:PC;;BM 65 4.63 0.97 029 130
M2:PC7;BM 89 6.32 0.94 037 219
M2:PC;:BM 83 6.57 0.94 038 237
M2:PC;;BM 75 6.49 0.94 039 239
M2:PC;:BM 67 6.31 0.94 040 238

is moderate due to not obtaining optimal Js. sacrificing in de-
sired low band gap. Therefore, a still stronger donor unit is
required to combine with these thiazole units to bathochor-
mically tune the absorption band for better matching the
solar spectrum with parallel modulation to the optimal
HOMO-LUMO levels. The synthesis could be extended as
D-A-D, A-D-A, and more extended D-A molecular struc-
tures with these thiazole acceptors employing rigidly fused
multicyclic planar building block such as dithieno[3,2-b:23-
d]silole, benzo[1,2-b:4,5-b]dithiophene as m-conjugated
donors. This would make the molecular back bone more

rigid and coplanar therefore enhancing effective m-conjuga-
tion, extending absorption, and lowering band gap, and con-
sequently, would facilitate charge carrier mobility that
might significantly improve the device performance. It
would be also interesting to see the properties of the small
molecules if the present bithiazole unit is replaced with
the bithiazole unit having two N atoms pointing outwards.
Nevertheless, based on our preliminary photovoltaic stud-
ies, it can be concluded that besides DPP, BT, and PM, the thi-
azole derivatives, BTz and TTz, are also very promising for
achieving high performance, solution-processable small
molecular OSCs. We believe this is the first report of the syn-
thesis of thiazole-based D-A conjugated small molecules
and the PCE of ~2.4% for M2:PC;,BM device is the highest
PCE so far for small molecule organic solar cell based on a
small molecule (M2) with a band gap above 2.2 eV. Further-
more, we expect that the solar cell performances could be
further improved through modification of the device
morphology (using co-solvent, annealing, and processing
additives). Additionally, designing a new molecular
structure with thiazole derivatives as mentioned above
may also provide better tuning for seeking a desirable band
gap and energy levels, thereby enabling better performance.
Continued work in this direction is being performed in our
laboratory and will be presented in a subsequent report.

Fig. 4. AFM images (1 pm x 1 pm) (first row: height image; second row: phase image) of blend films spin-coated from chloroform: (a) M1/PCg:BM (1:3 w/
w), (b) M2/PCg:BM (1:3 w/w), (¢) M1/PC7;BM (1:3 w/w), (d) M2/PC;:BM (1:3 w/w); and from chlorobenzene: (e) M1/PC;;BM (1:3 w/w), (f) M2/PC;;BM

(1:3 w/w).
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