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ABSTRACT KEYWORDS

We designed and synthesized two new acceptor-donor-acceptor (A- Benzodithiophene;

D-A) small molecules SM-1 and SM-2 by connecting benzodithio- dithienopyrrole; organic
phene (BDT) and dithienopyrrole (DTP) are electron rich donor units, solar cell; organic field effect

dialkoxyphenylenedithiophene as 7-spacer and 2,4 thiazolidinedione ~ ansistor

as terminal acceptor unit respectively. The SM-1 and SM-2 showed
broad absorption windows with optical band gaps of 1.7 and 1.8 eV
respectively, and also possess high thermal stabilities and suitable
energy levels for optoelectronic applications. Especially, SM-2 shows a
maximum power conversion efficiency of 1.26%, and hole mobility of
4.6 x 1073 cm?/V.s in conventional organic solar cells and organic field
effect transistor devices respectively.

Introduction

Design and synthesis of versatile conjugated materials such as polymers and small molecules
are becoming more fascinating for many research groups since they are the best encounters
for inorganic silicon based materials with their unique features like light weight, low cost,
flexibility and large area flexible fabrication [1]. Though the device performances of poly-
mer based bulk heterojunction (BHJ) organic solar cells (OSCs) and field effect transistors
(OFETs) and organic light emitting diodes (OLEDs) are high, purification of polymers, repro-
ducibility are drawbacks for its commercial applications [2]. In this scenario, abilities like
less variation for batch to batch, and high purity, no end-group contamination, driven small
molecules into optoelectronic applications as potential alternative materials. However initial
device performances of the small molecule based optoelectronics are low, upon additional
attention on material design and device architectures could able to deliver high power conver-
sion efficiencies (PCEs) in BHJ OSCs. Thus equal attention has been paying towards develop-
ment of new small molecules to attain same or high device performances than polymer based
devices [3].
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During last 10 years a rapid development happened in the design and synthesis of var-
ious kinds of small molecules where thiophene, selenophene, triphenylamine, benzodithio-
phene (BDT) are widely used as donor units, whereas benzothiadiazole, diketopyrrolopyrrole,
and 2,4 thiazolidinedione or rhodanine were used as electron deficient acceptor units respec-
tively and these donor and acceptor units were connected in various fashions such as donor-
acceptor- donor (D-A-D), and acceptor-donor-acceptor (A-D-A) with 7-spacer groups, and
studied their optoelectronic properties and applied them into BHJ OSCs [3]. Among various
design strategies A-D-A type small molecule design and synthesis has got best performance
in BHJ OSCs [4]. In most of the cases bi-thiophene or terthiophene based m-spacers were
used to connect donor and acceptor part to extend continuous conjugation and mobility but
by implanting alkyl chain on to the thiophene based  -spacers may cause defects in planarity
of backbone and cause adverse effects on device performances [5].

To address the above mentioned issues we have developed two small molecules with new
m-spacer and connected them with two widely used donor molecules BDT, dithienopyrrole
(DTP) and 2,4 thiazolidinedione dye type acceptor units. We believe that introduction of such
spacers may induce additional planarity via interactions between oxygen atom of alkoxy side
chain and sulfur atom of thiophene in 7 -spacer [6, 7]. Preliminary studies such as optoelec-
tronic properties revealed that an enhanced vibronic shoulder was observed in the film state
absorption spectra due to more aggregation; this phenomenon partly explains incorporation
of the new spacer has some improved planarity of new small molecules up to certain extent.
Further these small molecules were tested in BHJ OSCs and delivered PCE of maximum of
1.26% in conventional OSCs and which is well concurred with the maximum OFET hole
mobility of SM-2 (4.6 x 107* cm?/V.s.)

Experimental section

Materials and measurements

All chemicals and reagents were purchased from Sigma-Aldrich Chemical Co. Ltd, TCI,
and Alfa Aesar, and were used without further purification. 'H and "*C NMR spectra were
recorded on a Varian Mercury Plus 300 MHz spectrometer in CDCl; using tetramethyl-
silane (TMS) as an internal standard. The UV-vis absorption and the fluorescence spectra
were recorded with a JASCO V-570 and Hitachi F-4500 fluorescence spectrophotometers
at room temperature, respectively. Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) thermogram were obtained with Mettler Toledo TGA/SDTA 851e
and DSC 822e analyzer under an N, atmosphere at a heating rate of 10°C/min, respectively.
'H and *C NMR spectra were recorded on a Varian Mercury Plus 300 MHz spectrometer
in CDCI; using tetramethylsilane as an internal standard. Cyclic voltammetry (CV) measure-
ments were carried out in a 0.1 M solution of tetrabutylammonium tetrafluoroborate in anhy-
drous chloroform at a scan rate of 100 mV/s using CHI 600C potentiostat (CH Instruments);
three electrode cell with platinum electrode as the working electrode, Ag/AgCl as the ref-
erence electrode and a platinum (Pt) wire as the counter electrode were used. The highest
occupied molecular orbital (HOMO) levels of the SM-1 and SM-2 were estimated from the
CV, using the equation HOMO = —(Egpset™ — ferroceneonset) — 4.8 eV, where E,y is the onset
oxidation potential relative to the ferrocene as standard material (0.38 V). The onset oxida-
tion potential of SM-1 and SM-2 are 0.73 and 0.83 V. Further the lowest occupied molecular
orbital (LUMO) energy levels were calculated from E;°"* and HOMO energy levels obtained
from CV [8].
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OFETs fabrication and characterization

Glass substrates (Corning Eagle XG) were cleaned sequentially in sonicaiton baths of ace-
tone, isopropanol, and deionized water for 10 minutes each. The device source/drain (S/D)
electrode was patterned by conventional lift-off photolithography processes. Au and Cr
(12 nm/2 nm) were used as source and drain metal electrodes. Semiconductors were prepared
by dissolving new small molecules in anhydrous chloroform (5 mg/ 1 mL) and the resulting
solution was spin coated at 1500 rpm for 60 sec, and then thermally annealed at various tem-
peratures such as 60, 100°C. Poly (methyl methacrylate) (PMMA) 80 mg /mL (Sigma Aldrich,
~120 kM, ) in n-Butyl acetate concentrate solution was spin coated at 2000 rpm for 60 sec and
then baked at 80°C for 1 h in glove box (thickness ~500 nm, capacitance: 6.20 nF/cm?). The
transistors were completed by depositing the top gate electrodes (Al) via thermal evaporation
using a metal shadow mask. The electrical characteristics of the OFETs were extracted from
the drain current via gate voltage bias or drain voltage bias (channel width (W)/length (L):
1000/20 pm, respectively. All measurement was taken using Keithley 4200-SCs semiconduc-
tor parameter analyzer connected to glove box probe station.

Fabrication and characterization of the BHJ OSCs

The ITO and glass substrates that have been used for fabrication were ultrasonically cleaned
with detergent, water, acetone, and isopropyl alcohol. Then, a 40 nm thicklayer of PEDOT:PSS
was coated on the electrodes by spin coating a solution of PEDOT:PSS diluted with iso-
propyl alcohol with the dilution ratio being 1:2 and annealed at 150°C for 10 min in oven.
The active layer solutions were prepared with 1:1, 1:2, 1:3 donor: acceptor ratios in chloro-
form and stirred during overnight. The performances of the BH] OSCs were measured under
simulated AM 1.5G illumination (100 mW/cm?). The irradiance of the sunlight simulat-
ing illumination was calibrated using a standard Si photodiode detector fitted with a KG5
filter. The performance of the BHJ OSCs were measured using calibrated air mass (AM)
1.5G solar simulator (Oriel® Sol3A™ Class AAA solar simulator, models 94043A) with a
light intensity of 100 mW/cm? adjusted using a standard PV reference cell (2 cm x 2 cm
monocrystalline silicon solar cell, calibrated at NREL, Colorado, USA) and a computer con-
trolled Keithley 2400 source measure unit. The incident photon to current conversion effi-
ciency spectrum was measured using Oriel® IQE-200™ equipped with a 250 W quartz tung-
sten halogen lamp as the light source and a monochromator, an optical chopper, a lock-in
amplifier, and a calibrated silicon photodetector. The thickness of the thin films was measured
using a KLA Tencor Alpha-step IQ surface profilometer with an accuracy of £ 1 nm. Atomic
force microscopy (AFM) images were acquired with a XE-100 (park system corp.) in tapping
mode.

Synthesis of SM-1

Intermediate 1 (0.3 g, 0.244 mmol), 2,4 thiazolidinedione (0.559 g, 2.44 mmol) were dissolved
in chloroform (30 mL), and piperidine (0.1 mL) was added and refluxed for overnight. After
completion of reaction, the reaction mixture was cooled to room temperature and extracted
with chloroform, washed with brine solution and dried over anhydrous MgSO,. The resulted
crude was purified by column chromatography on silica gel with hexane: chloroform (5:5 v/v)
to furnish red color solid. (Yield, 50%). 'H NMR (300 MHz, CDCl;): § (ppm) 8.04 (m,
2H), 7.50-7.62 (m, 2H), 7.37 (m, 2H), 7.20-7.26 (m, 8H), 7.00 (m, 2H), 4.10-4.22 (m, 8H),
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3.50-3.60 (m, 4H), 1.90-2.12 (m, 8H), 1.52-1.72 (m, 16H), 1.20-1.46 (m, 40H), 0.80-9.93 (m,
30H). *C NMR (75 MHz, CDCl;): § (ppm) 167.61, 166.14, 148.32, 146.44, 137.47, 133.38,
126.32, 126.57, 117.90, 111.30, 69.73, 51.12, 42.10, 40.33, 31.74, 29.44, 29.12, 29.08, 28.68,
27.79,26.72,28.17,26.02, 24.08, 23.01, 22.64, 16.4, 12.4. MALDI-TOF: Calcd 1649.68. Found:
1649.86. Melting point (DSC): ~190°C.

Synthesis of SM-2

Intermediate 2 (0.3 g, 0.19 mmol), 2,4 thiazolidinedione (0.45 g, 1.97 mmol) were dissolved
in chloroform (30 mL), and piperidine (0.1 mL) was added and refluxed for overnight. Upon
reaction completion, the reaction mixture was cooled to room temperature and extracted
with chloroform, washed with brine solution and dried over anhydrous MgSO,. The resulted
crude was purified by column chromatography on silica gel with hexane: chloroform (5:5 v/v)
to furnish red color solid. (Yield, 52%). '"H NMR (300 MHz, CDCl;): § (ppm) 8.05 (s, 2H),
7.69 (m, 2H), 7.58-7.60 (m, 2H), 7.53-7.54 (m, 2H), 7.37-7.39 (m, 2H), 7.34-7.35 (m, 2H),
7.22-7.28 (m, 6H), 6.94-6.95 (m, 2H), 4.10-4.16 (m, 8H), 3.71-3.76 (m, 4H), 2.89-2.91 (m,
4H), 1.91-2.03 (m, 8H), 1.62-1.64 (m, 10H), 1.34-1.47 (m, 56H), 0.85-1.00 (m, 30H). 1*C
NMR (75 MHz CDCl;): § (ppm) 177.20, 166.22,149.33, 145.92, 129.44, 128.32, 125.45,119.30,
118.43, 114.09, 112.86, 106.18, 98.40, 93.80, 81.60, 69.77, 64.06, 58.59, 56.72, 55.11, 52.32,
43.36, 41.04, 34.34, 32.52, 31.75, 31.58, 29.15, 29.10, 28.95, 27.83, 26.74, 26.19, 25.97, 25.76,
23.09,22.64,14.10,10.95. MALDI-TOF: Calcd 1938.95. Found: 1938.69. Melting point (DSC):
~204°C.

Results and discussion

The synthetic routes for new conjugated small molecules SM-1 and SM-2 are shown in
scheme-1 and D1 and D2, and spacer were synthesized using already reported procedures [9,
10] and, intermediates 1 and 2 were synthesized via Stille coupling between D1 and D2 and
spacer, and finally SM-1 and SM-2 were synthesized via Knoevenagel condensation between
intermediates and 2,4 thiazolidinedione.

Scheme 1. Synthetic route for SM-1and SM-2.
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Figure 1. TGA, DSC profiles of SM-1and SM-2.

Thermal properties

TGA and DSC were performed for SM-1 and SM-2 to study their thermal properties and the
resulting TGA and DSC profile are shown in Figure 1. The thermal decomposition temper-
atures of small molecules were found to be 362, 404°C and these high thermal stabilities are
good enough for optoelectronic applications. The DSC profiles are SM-1 shows glass transi-
tion temperature (142°C) and melting temperature (~196°C), whereas SM2 shows only melt-
ing temperature at ~204°C.

Optical properties

UV-vis absorption spectra of SM-1 and SM-2 were measured in both solution and film state
and spectra are displayed in Figure 2 and data are shown Table 1. Upon exchange of donor unit
in small molecules, significant changes were observed in absorption spectra; especially SM-1
shows broad absorption windows in solution as well as in film state than SM-2. Bathochromic
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Figure 2. UV-vis absorption spectra of SM-1and SM-2.

shifts in film state spectra for both the molecules were observed due to high aggregation
and rigid co-planarization of new conjugated molecules. In film state the absorption maxima
of SM-1 and SM-2 was red shifted (~ 90 nm) compared to that of solution counter parts.
Additionally SM-1 and SM-2 shows vibronic shoulders in film state, and it is much pro-
nounced in SM-2 than SM-1. The optical band gaps of small molecules are 1.7 and 1.8 eV
respectively. Photoluminescence spectra of SM-1 and SM-2 are measured in chloroform solu-
tion, and the emission range of SM-1 and SM-2 are 550-800 nm and 515-750 nm. An emis-
sion maximum of SM-1 was 60 nm red shifted than SM-2 and the emission maxima of SM-1
and SM-2 are 643 and 583 nm, respectively.

Electrochemical properties

In order to investigate the electrochemical properties of SM-1 and SM-2, CV studies were
performed to estimate their HOMO and LUMO energy levels. The resulting cyclic voltam-
mograms of the SM-1 and SM-2 are shown Figure 3. The onset oxidation potentials of SM-1
and SM-2 are 0.73, 0.83 V respectively. The calculated HOMO energy levels are —5.15 and
—5.25 eV and the LUMO levels are found to be —3.45 eV which can provide enough LUMO
level offset between the SM-1, SM-2 and PCg; BM for good exciton dissociation at the donor
acceptor interface.

Table 1. Optical and electrochemical properties of SM-1and SM-2.

Material Solution Film Film Eg°p‘ HOMO LUMO
b d

X may (NMT? Xmay (NM] Xmay [NMI¢ [eV] [eV] [eV]®

SM-1 514 550, 607 729 1.70 —5.15 —3.45

SM-2 489 532,576 688 1.80 —5.25 —3.45

@Absorption maxima measured from UV-vis absorption spectrum in chloroform.

b Absorption maxima measured from UV-vis absorption spectrum in thin film state.
“The onset of the film absorption edge.

dEstimated from the onset of the absorption in thin films (Eg"p‘ =1240/
€Calculated from the difference of HOM O and optical band gap.

onset)
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Figure 3. Cyclic voltammetry of SM-1and SM-2.

OFETs properties

OFETs were fabricated with new small molecules in top gate, bottom contact geometry with
a PMMA gate dielectric layer. The new small molecules displayed prominent field effect hole
mobilities indicates they posses p-type behavior and resulting transfer characteristics and
OFET mobilities are shown in Figure 4 and Table 2. In order to improve the field effect mobili-
ties we have baked the transistors at various temperatures 60 and 100°C. Both SM-1 and SM-2
showed improvement in mobilities upon increasing the baking temperature from 60 to 100°C.
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Figure 4. Transfer and output characteristics of OFETs based on SM-1and SM-2.
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Table 2. Transfer characteristics of SM-1and SM-2.

; H ) 2
Material Annealing temperature (°C) Jusat cm?/V.s Vi (V) S.S (V/dec.)
SM-1 60 52x10° —4.13 —2.4
SM-1 100 12 x 107* 0.93 — 1714
SM-2 60 2.6 x 1074 —16.73 —9.96
SM-2 100 46 x 1073 —19.89 —6.69

The OFET mobilities of SM-1 are 5.2 x 107° and 1.2 x 10~* cm?/V.s respectively. And SM-2
displayed 2.6 x 10~ and 4.6 10~ cm?/V.s at 60 and 100°C respectively, from the obtained
results we can expect SM-2 based BHJ OSCs can show good photovoltaic parameters.

Photovoltaic properties

In order to find out the photovoltaic properties of new conjugated small molecules, BHJ
OSCs were fabricated with conventional device structure of ITO/PEDOT:PSS/SM-1 and SM-
2:PCs; BM/LIiF/Al The active layers were spin coated from different solvents and chloroform
was found to be the best solvent for these two new conjugated small molecules. We have
tried various blending ratios from 1:1-1:3 to get best photovoltaic performance for new small
molecules since blending ratio can significantly impact on active layer morphology. The opti-
mized donor and acceptor ratio for SM-1 and SM-2 1:3 and 1:2 respectively. The optimized
photovoltaic properties of SM-1 and SM-2 are 0.15 and 0.93%. The lower PCEs of SM-1 based
devices are due to low open-circuit voltage (V,), fill factor (FF), short-circuit current density
(Jsc)» whereas higher PCE of SM-2 is attributed to its high J,, FE and V. and also high hole
mobility. Since the V,. of OSCs depends on difference between HOMO of donor (SM-1 and
SM-2) and LUMO of acceptor (PCg;BM), the higher V. values of SM-2 than SM-1 could be
attributed to the deeper HOMO energy level of SM-2. Further higher J,. of SM-2 based OSCs
might be due to the broad absorption spectra, relatively favorable active layer morphology and
higher OFET hole mobility. The current density - voltage (J-V) curves of devices are shown
in Figure 5, and the resulting photovoltaic properties of the all compositions are shown in
Table 3.

It is known that improvement of photovoltaic properties of BHJ OSCs is possible by var-
ious techniques such as thermal annealing, addition of external additives and solvent vapor
annealing. Among them post thermal annealing is widely applied and most successful tech-
nique in the small molecules based OSCs, which results in enhanced PCE in case of SM-2
based devices. To improve the photovoltaic properties we have tried various post thermal
annealing temperatures such as 80, 100, 120°C, in which at 80°C there is notable improvement
in PCE up to 1.26% for SM-2 based devices, and it could be due to the improved nanoscale
morphology of active layer, which would have improved the Js., FF and V,, and the obtained
PCE is well concurred with the OFET mobility results.

Morphology

The surface topography of optimized active layer blends SM-1: PCs;BM (1:3) and SM-2:
PC¢BM (1:2-thermal annealing at 80°C) were recorded by AFM operated in tapping mode,
to understand the morphological properties, since morphology is very important factor to be
studied in BHJ OSCs. The root mean square (RMS) roughness of the optimized blend active
layers of SM-1: PC¢; BM (1:3) and SM-2: PCq;BM (1:2-thermal annealing) are found to be 4.3
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Figure 5. J-V Characteristics of optimized devices of SM-1and SM-2.

and 3.3 nm respectively as shown in Figure 6. Even though both the films shows crystalline
domains and aggregates, there could be a possibility of insufficient phase separation and poor
charge transport in blends leads to poor device performance of small molecules, when com-
pared to two new synthesized molecules based OSCs, SM-2: PC¢; BM (1:2-thernal annealing)
based blend possess comparatively better phase separation compared to the SM-1: PCs; BM
(1:3) which is well correlated with its photovoltaic properties.

Table 3. Optimized photovoltaic properties of SM-1and SM-2 based 0SCs.

Small Molecule Ratio Vo o FF PCE
SM-1 11 0.46 0.64 0.40 0N

SM-1 1:2 0.48 0.56 0.45 0.12
SM-1 1:3 0.47 0.64 0.48 0.15
SM-2 11 0.67 2.99 0.34 0.69
SM-2 1:2 071 3.03 0.45 0.93
SM-2 13 0.65 2.03 0.38 0.60
SM-2 122 0.74 346 0.48 1.26

aThermal annealing at 80°C.
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Figure 6. AFM images of SM-1:PC,,BM (1:3) and SM-2: PC¢,BM (1:2-thermal annealing at 80°C).

Conclusions

In summary we synthesized two new A-D-A type conjugated small molecules SM-1 and SM-2
with new 7 -spacer for optoelectronic applications, both SM-1 and SM-2 showed good opto-
electronic properties such as broad absorption profiles, suitable HOMO and LUMO energy
levels and good thermal properties. BHJ OSCs of SM-2 could able to deliver maximum PCE
of 1.26%, and moderately high OFET hole mobility of 4.6 x 107> cm?/V.s clearly explains
the role of new spacers in enhancing the planarity of small molecules. Further fine tuning of
structure of SM-1 and SM-2 have possibility of improving the PCE further along with suitable
device optimization techniques.
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