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Abstract

In this work, aiming for small organic molecules with potential applications as donors in organic
photovoltaic (OPV) devices, we have synthesized and characterized four novel benzothiadiazole
(A) core structured D-n-A-n-D dyes featuring carbazole, benzocarbazole as donors (D) and
fluorene, thiophene as spacers (m). The effect of m-spacer units along with variations in donor
strength on their photophysical, electrochemical and thermal properties have been investigated in
detail. Replacement of fluorene by thiophene as a m-spacer promotes planarity which results in a
larger bathochromic shift in absorption, emission profiles and enhanced intramolecular charge
transfer (ICT) transition. The introduction of benzocarbazole unit creates a low lying HOMO
level as inferred from cyclic voltammetry studies. All the dyes exhibit remarkable thermal
robustness. Theoretical calculations have been carried out to understand structure-property
relationship. The results obtained from the characterization methods reveal that the dyes with

thiophene m-spacer show better optoelectronic properties compared to the fluorene counterparts.
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Solution-processable bulk-heterojunction devices with a structure of ITO/PEDOT: PSS (38
nm)/active layer/Ca (20 nm)/Al (100 nm) were fabricated using materials investigated in this
study as donors and (6, 6)-phenyl Cg;-butyric acid methyl ester (PCs;BM) as an acceptor. Power
conversion efficiency of 1.62% for the molecule with thiophene as a spacer and carbazole as
donor/PCsBM was achieved for the preliminary photovoltaic devices under simulated AM 1.5

illumination (100 mW cm™).

Keywords: Organic Photovoltaics, benzocarbazole, DFT, benzothiadiazole, thiophene.

Introduction

The quest to produce clean and renewable energy by developing organic m-
conjugated molecules for organic photovoltaic (OPV) applications has attracted intensive
attention of researchers over the last few decades.' In the beginning, organic solar cells were
prepared using polymers as light harvesting electron donors owing to their high optical density,
optimized film morphology and other superior properties.” Nevertheless of having these unique
features, polymers encountered the problem of polydispersity, variation in batch to batch
reproducibility and hefty purification thus paving the way for small organic molecules as
emerging alternatives.>* Initially small molecules as electron donors lagged behind the polymers
due to their inferior photovoltaic performance, even though the former holds several advantages
such as facile synthesis, well-defined molecular structures, and amenability for large scale
production, etc. Later the efficiency of small molecule organic solar cells began to evolve
gradually and have reached 8.2% by scrutinized molecular design.” Recently, tandem solar cells

featuring small molecules have been reported with the unprecedented cell efficiency of 12% on a
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standard size of 1.1 cm”® by Heliatek, a German company. ® Looking at this trend, the day may not
be far off when small molecule organic solar cells will outperform polymer counterparts.

To improve the photovoltaic performance of small molecules there are many factors such
as light absorption, charge carrier transport, carrier injection, charge separation, etc. that should
be considered.” An elegant way is to design these small molecules by the combination of various
n-building blocks and utilize into the backbone structures, keeping in mind the following points
1) to improve the photocurrent (Ji), small HOMO-LUMO gap of a molecule is necessary
(without sacrificing V,); 2) control of frontier energy levels which are mostly dependent on the
chemical structures of individual n-building blocks to match the electron acceptors energy levels
such as [6, 6]-phenyl- C61-butyric acid methyl ester (PC;BM), and perylenediimides (PDI) so
as to facilitate the rate of electron injection efficiently. A very active area of research is bringing
out novel small band gap molecules with low lying HOMOs as donors for OPV with D-n-A-n-D

configuration.'%'®

Recently, Zeng etal. introduced a cyano group on the spacer of
benzothiadiazole-triphenylamine system thereby stabilizing the HOMO level to 5.32 ¢V.'° On
the other hand, Cho ef al. introduced the fluorine group on benzothiadiazole acceptor unit which
resulted in an efficiency of 2.95%. This is due to high Voc attributed to low HOMO level and
retention of the band gap.'' Tian and co-workers tuned the band gap of small molecules by the
introduction of pyran-4-ylidenemalononitrile and electron-donating group TPA linked by
different conjugation units and the enhancement in efficiency was obtained from the compounds
having low lying HOMO values.'> This principle was adopted by Sassi et al. to control the
HOMO level by synthesizing a new series of end-capped diphenylhydrazone derivatives bearing
3

a variety of electron withdrawing conjugated bridges with different substitution pattern.’

Romero et al. evaluated the band gap of the molecules by altering the acceptor strength from
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fluorene, fluorenone to benzothiadiazole." As a result, the ICT character of the molecules was
improved. Recently, Azoulay et al. have demonstrated the tuning of HOMO/LUMO energy
levels by the incorporation of various bridgehead imine substituted cyclopentadithiophene
derivatives along with benzothiadiazole core unit which influences the aromatic stabilization
with unprecedented precision.'

Based on the above points, it would be of interest to develop the molecules which contain
chromophores with high optical density. A deliberate functional group selection for modification
of energy levels is essential so as to extend the absorption to cover the maximum range of solar
spectrum.'” This also offers the possibility to probe the structure-property relationship and gain
insight into the development of better candidates for solution-processable solar cells.
Furthermore, optical and electrochemical properties could be fine-tuned by the appropriate
inclusion of different n-spacers and donors into the m— conjugated backbone, which have been
less explored to date.'® In recent years, numerous articles have been reported with small
molecule electron donors containing different heterocycle units such as benzothiadiazole, > '*
squaraines,19 diketopyrrolllopyrrole20 and tetrazine®' etc with inherent charge transfer nature.
Among that, benzothiadiazole is considered as one of the versatile heterocycle units which has
been extensively used to make enormous improvement in organic dyes for photovoltaic
applications.” High efficiency of 6.8% has been reported due to the good electron carrier
propensity of thiadiazole moiety which leads to strong m-m interactions result in an ordered
morphology with efficient charge transport and excellent thermal stability. The incorporation of
such kind of electron deficient moiety into the n-conjugated system stabilizes the frontier energy
levels and aligns with electron acceptor energy levels to achieve the optimized efficiency with

minimized loss mechanism.
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The purpose of this combined experimental and theoretical study is to explore the tuning
of absorption and band gap in D-n-A-n-D conjugated backbone with insertion of different n-
conjugated units and variation in donor strength. Our main design principle is to use
benzothiadiazole core derivatives which are known to yield small band gaps with
benzocarbazole/carbazole donors which have low lying HOMO levels. Herein, we report the
synthesis and detailed characterization of four novel dyes based on D-z-A-z-D architecture
comprising the molecular combinations of carbazole, benzocarbazole as donors,
benzothiadiazole as central acceptor unit (A) with fluorene n-spacer denoted as CFBFC and
BFBFB respectively and thiophene n-spacer with the same donors are denoted as CTBTC and
BTBTB respectively (Figure 1). Quantum chemical calculations have been used here as a guide

23,24 .
" The influence of n-spacers

for the analysis of the ground state and excited state properties.
on different donors flanked with benzothiadiazole and their effect on photophysical and
electrochemical properties have been investigated for these compounds which could help to
design more efficient functional photovoltaic organic materials. We have compared the effect of
benzocarbazole moiety with its congener carbazole group as donor along with different =-

spacers. To improve the solubility and film morphology, an additional ethylhexyl group to the

donors and butyl group to the fluorene moieties have been attached.
EXPERIMENTAL SECTION
Materials and General Procedures

Unless otherwise specified, all the reactions were performed under nitrogen
atmosphere with standard Schlenk techniques. All the reagents in reagent/analytical grade and
used without further purification. THF, toluene were distilled from sodium and benzophenone

under nitrogen atmosphere. All chromatographic separations were carried out on silica gel (60-
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120 mesh). 'H NMR and “C NMR spectra were recorded on a Bruker Avance (300 MHz)
spectrometer in CDCl; and DMSO-d¢ with TMS as standard in both cases. Mass spectra were
obtained by using electron ionization (EI) mass spectrometry (Thermofinnigan, Sanzox, CA),
Gas Chromatography-Mass Spectrometry (GCMS) recorded on VG70-70H and MALDI-TOF
Mass Spectrometry was obtained from Axima performance MALDI-TOF/TOF mass
spectrometer (Shimadzu). UV-Vis absorption spectra were measured on a Perkin-Elmer
spectrofluorometer and fluorescence spectra were recorded using a Spex model Fluorolog-3
spectrofluorometer. Perkin-Elmer Spectrum BX spectrophotometer was used to obtain IR spectra
of the dyes at a resolution of 4 cm ™. Thermo gravimetric analyses (TGA) were performed with a
TGA/SDTA 851e (Mettler Toledo) thermal analyzer with a heating rate of 10°C min™ under
nitrogen atmosphere in the temperature range of 33-550°C. The glass-transition temperatures
(T,) of the compounds were measured using differential scanning calorimetry (DSC) under a
nitrogen atmosphere and at a heating rate of 10°C min "' using a DSC Q200 (TA instruments).
The Tg was determined from the second heating scan. Melting points were measured with an
Electro thermal IA 9100 series digital melting point instrument and are uncorrected. Cyclic
voltammetric measurements were performed on a PC-controlled CH instruments model CHI
620C electrochemical analyzer, using 1 mM dye solution in dichloromethane (DCM) at a scan
rate of 50 mV/s using 0.1 M tetra butyl ammoniumperchlorate (TBAP) as supporting electrolyte.
The glassy carbon, standard calomel electrode (SCE) and platinum wire were used as working,

reference and auxiliary electrodes respectively.
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Device fabrication and characterization of photovoltaic devices

Indium tin oxide (ITO)-coated glass (Kintek, 15 Ohms/square) was cleaned by standing
in a stirred solution of 5% (v/v) Deconex 12PA detergent at 90 °C for 20 min. The ITO-coated
glass was then successively sonicated for 10 min each in distilled water, acetone, and
isopropanol. The substrates were then exposed to a UV-ozone clean at room temperature for 10
min. UV/ozone cleaning of glass substrates was performed using a Novascan PDS-UVT,
UV/ozone cleaner with the platform set to maximum height. The intensity of the lamp was
greater than 36 mW/cm” at a distance of 10 cm. At ambient conditions, the ozone output of the
UV cleaner is greater than 50 parts per million (ppm). Aqueous solutions of PEDOT/PSS (HC
Starck, Baytron P Al 4083) were filtered (0.2 pum RC filter) and deposited onto glass substrates
in air by spin coating (Laurell WS-400B-6NPP lite single wafer spin processor) at 5000 rpm for
60 s to give a layer having a thickness of 40 + 5 nm. The PEDOT/PSS layer was then annealed
on a hotplate in a glove box at 145 °C for 10 min. For OPV devices, the newly synthesized
organic p-type materials and PCs;BM (Nano-C) were separately dissolved in individual vials by
magnetic stirring. The solutions were then combined, filtered (0.2 um RC filter), and deposited
by spin coating (SCS G3P spin coater) onto the ITO-coated glass substrates inside a glove box
(with H,O and O, levels both <1 ppm). Film thicknesses were determined on identical samples
using a Dektak 6M Profilometer. The coated substrates were then transferred (without exposure
to air) to a vacuum evaporator inside an adjacent nitrogen-filled glove box. Samples were placed
on a shadow mask in a tray. The area defined by the shadow mask gave device areas of exactly
0.2 cm’. Deposition rates and film thicknesses were monitored using a calibrated quartz
thickness monitor inside the vacuum chamber. Layers of calcium (Ca) (Aldrich) and aluminium

(Al) (3 pellets of 99.999%, KJ Lesker) having thicknesses of 20 nm and 100 nm, respectively,
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were evaporated from open tungsten boats onto the active layer by thermal evaporation at
pressures less than 2x 10® mbar. Where used, Cg (Nano-C) and 2, 9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (Aldrich) were evaporated from alumina crucibles. A connection point for the
ITO electrode was made by manually scratching off a small area of the active layers. A small
amount of silver paint (Silver Print II, GC Electronics, part number: 22-023) was then deposited
onto all of the connection points, both ITO and Al. The completed devices were then
encapsulated with glass and a UV-cured epoxy (Summers Optical, Lens Bond type J-91) by
exposing to 365 nm UV light inside the glove box for 10 min. The encapsulated devices were
then removed from the glove box and tested in air within 1 h. Electrical connections were made
using alligator clips. The OPV devices were tested using an Oriel solar simulator fitted with a
1000 W xenon lamp filtered to give an output of 100 mW/cm? at simulated AM 1.5.%° The lamp
was calibrated using a standard, filtered silicon (Si) cell from Peccell Limited, which was
subsequently cross-calibrated with a standard reference cell traceable to the National Renewable
Energy Laboratory. The devices were tested using a Keithley 2400 source meter controlled by
Lab-view software.
8-bromo-11H-benzo[a]carbazole (5)

a-Tetralone (9.16g, 6.26 mmol) and 4-bromophenylhydrazine hydrochloride (10 g, 44.7
mmol) were dissolved in 300 mL of ethanol, and then catalytic amount of acetic acid was added
to the reaction mixture, refluxed for 3 hours under nitrogen atmosphere. The reaction mixture
was cooled to room temperature; the formed product was filtered, dried and used for next step
without purification. The dried compound (9.29 g, 30.8 mmol) and tetrachloro-1-benzoquinone
(10.6 g, 43.2 mmol) in xylene were refluxed under nitrogen atmosphere for 8 hours, cooled to

room temperature, NaOH (10%) and water were put into the reaction solution, the organic layer
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was extracted with ethyl acetate and dried over sodium sulphate. The reaction solution was
concentrated, purified by column chromatography over silica gel and the purified compound was
recrystalized with ethanol to give desired product as white crystals (8.8 g, yield 96%). "H NMR
(500 MHz, CDCl;): 8.24 (s, 1H), 8.23-7.99 (m, 3H), 7.68-7.44 (m, 5H). *C NMR (125 MHz,
CDCl3): 137.5, 132.6, 128.8, 127.0, 125.5, 125.4, 122.3, 121.6, 120.0, 119.1, 112.7. GC/MS:
m/z 296 [M]".

3-bromo-9-(2-ethylhexyl)-9H-carbazole (6a)

3-Bromo-9H-carbazole (5 g, 20.3 mmol), 2-ethylhexyl bromide (5.4 mL, 30.5 mmol),
50% aq.NaOH and catalytic amount of tetrabutylammonium iodide (0.75 g. 10 mol %) was taken
in a flask. The reaction mixture was heated to 70°C continuously for 8 hrs, and then cooled to
room temperature. The reaction mixture was extracted with hexane, washed with water and dried
over anhydrous sodium sulphate. The solvent was removed under vacuum and the crude was
purified by column chromatography over silica gel with n-hexane as the eluent to give the
desired product as white solid (6.67 g, Yield 92%). "H NMR (500 MHz, CDCL): 8.29 (s, 1H),
8.10-8.09 (d, 1H, J=7.9 Hz), 7.63-7.57 (d, 2H, J=8.9 Hz), 7.45-7.44 (d, 1H, d=7.9 Hz), 7.35-7.32
(t, 1H, J=14.9 Hz), 4.08-4.06 (m, 2H, N-CH>), 2.12-2.09 (m, 1H), 1.46-1.38 (m, 8H), 1.38-0.76
(m, 6H). *C NMR (125 MHz, CDCly): 140.7, 138.9, 127.7, 125.8, 124.1, 122.4, 121.3, 119.9,
118.7, 111.1, 109.8, 108.7, 46.8, 38.8, 30.5, 28.5, 28.4, 23.9, 22.7, 13.7, 10.5. GC/MS: m/z 358
[M]".
8-bromo-11-(2-ethylhexyl)-11H-benzo[a]carbazole (6b)

This compound was synthesized according to the procedure similar to that of 6a, using 8-
bromo-11H-benzo[a]carbazole (5.0 g, 16.9 mmol), to give the desired product as white solid

(6.4g, Yield 93%). "H NMR (500 MHz, CDCly): 8.39 (d, 1H, J= 8.3 Hz), 8.16 (d, 1H, J=2.3
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Hz), 7.99 (d, 2H, J = 8.3 Hz), 7.60-7.44 (m, 4H), 7.28 (t, 1H, J = 14.6 Hz), 4.41-4.37 (m, 2H, N-
CH,), 2.17-2.13 (m, 1H, N-CH,-CH), 1.52-1.16 (m, 8H,), 0.91-0.78 (m, 6H). *C NMR (125
MHz, CDCl3): 139.6, 134.9, 133.8, 129.5, 127, 125.2, 124.8, 124.3, 122.1, 122, 121, 118.8,
118.3,112.2,111.2,49.9, 39.5, 28.4, 23.8, 23, 14, 10.7. GC/MS: m/z 408 [M]".
9-(2-ethylhexyl)-3-(4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)-9H-carbazole (7a)

To a solution of 3-bromo-9-(2-ethylhexyl)-9H-carbazole (6a) (5 g, 14.1 mmol) in
anhydrous THF (120 mL) at -78°C, of n-butyl lithium (2 M in hexane; 7.75 mL, 15.3 mmol) was
added. The mixture was stirred at -78°C for 2 h. 3.25 mL of 2-isopropoxy-4, 4, 5, 5-tetramethyl-
[1, 3, 2]-dioxaborolane (16.7 mmol) was added rapidly to the solution, and the resulting mixture
was warmed to room temperature and stirred overnight. The mixture was poured into water and
extracted with chloroform. The organic extracts were washed with brine, dried with anhydrous
sodium sulphate. The solvent was removed by rotary evaporation, and purified by column
chromatography over silica gel with n-hexane: ethyl acetate (95:5) as the eluent to give the
desired product as white solid (5.1 g, Yield 89%). "H NMR (500 MHz, CDClL): 8.64 (s, 1H),
8.12-8.10 (d, 1H, J=8.3 Hz), 7.95-7.92 (d, 1H, J=8.3 Hz), 7.38-7.15 (m, 4H), 3.92-3.89 (m, 2H,
N-CH,), 1.94 (m, 1H), 1.33 (s, 12H), 1.25-1.16 (m, 9H), 0.82-0.76 (t, 6H, J=12.1). *C NMR
(125 MHz, CDCl3): 143.2, 141.1, 132.4, 127.9, 125.8, 123.3, 122.8, 120.6, 119.4, 109.2, 108.6,

83.6,47.3,39.4,31.1,28.9,25.1,24.5, 23.2, 14.3, 11.1. GC/MS: m/z 405 [M]".

11-(2-ethylhexyl)-8-(4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)-11H-benzo[a]carbazole
(7b)

This compound was synthesized according to the procedure similar to that of 7a, using 8-
bromo-11-(2-ethylhexyl)-11H-benzo[a]carbazole (5.0 g, 12.3 mmol), to give the desired product

as white solid (5.3 g, Yield 95%). 'H NMR (500 MHz, CDCls): 8.66 (s, 1H), 8.52 (d, 1H, J=7.9

10
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Hz), 8.24 (d, 1H, J=3.9 Hz),8.02 (d, 1H, J=6.9 Hz),7.92 (d, 1H, J="7.9 Hz), 7.68 (d, 1H, J =
8.9 Hz), 7.58 (m, 3H), 4.72-4.62 (m, 2H, N-CH,), 2.28-2.24 (m, 1 H, N-CH,-CH), 1.41(s, 12H),
1.37-1.16 (m, 8H,), 0.86-0.80 (m, 6H). *C NMR (125 MHz, CDCls): 142.4, 133.8, 132.8, 130.1,
128.8, 126.4, 124.3, 123.6, 121.8, 121.6, 121.3, 120.3, 119, 118.4, 108.4, 82.7, 82.6, 49, 38.8,

29.7,27.7,24.3 (4-CH3), 23, 22.2, 13.2, 10. GC/MS: m/z 455 [M]".

3-(7-bromo-9, 9-dibutyl-9H-fluoren-2-yl)-9-(2-ethylhexyl)-9H-carbazole (8a)

9-(2-Ethylhexyl)-3-(4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)- 9H-carbazole (7a) (4
g, 9.86 mmol), 2, 7-dibromo-9, 9-dibutyl-9H-fluorene (6) (5.17 g, 11.83 mmol) and tetrakis
(triphenylphosphine) palladium(0) (115 mg, 0.001 mmol) were dissolved in the mixture of
toluene and aqueous 2 M potassium carbonate solution (3:1, v/v) in a round-bottomed flask
equipped with a reflux condenser and the reaction mixture was heated to 80°C for 24 h. The
cooled reaction mixture was filtered, poured into water, extracted with chloroform and dried with
anhydrous sodium sulphate. The solvent was removed by rotary evaporation and purified by
column chromatography over silica gel with n-hexane as the eluent to give the desired product as
white foamy solid. (4.6 g, 7.2 mmol, Yield 73%). "H NMR (500 MHz, CDCls): 8.37 (s, 1H),
8.16-8.14 (d, 1H, J=7.7 Hz), 7.72-7.49 (m, 4H), 7.44 (s, 1H), 7.41-7.18 (m, 7H), 4.02-4.00 (m,
2H, N-CHb), 2.02-1.99 (m, 5H), 1.31-1.24 (m, 12H), 1.11-1.06 (m, 6H), 0.85-0.78 (m, 8H). *C
NMR (125 MHz, CDCl3): 153.5,151.4, 141.9, 141.7, 140.7, 140.4, 138.7, 132.7, 130.3, 129.1,
127.6, 127.6, 126.6, 126.4, 126.2, 125.5, 123.7, 123.3, 121.8, 121.3, 121.1, 120.8, 120.5, 119.3,
119.0, 109.5, 55.7, 47.6, 40.6, 39.7, 31.3, 29.2, 26.3, 26.3, 24.7, 23.4, 14.5, 14.2, 11.3. MS (ED):
mlz 635 [M]".

8-(7-bromo-9, 9-dibutyl-9H-fluoren-2-yl)-11-(2-ethylhexyl)-11H-benzo[a]carbazole (8b)

11



RSC Advances

This compound was synthesized according to the procedure similar to that of 8a, using 8-
bromo-11-(2-ethylhexyl)-11H-benzo[a]carbazole (4.0 g, 8.79 mmol), to give the desired product
as white foamy solid. (4.2 g, 6.1 mmol, Yield 69%). "H NMR (500 MHz, CDCl;): 8.48 (d, 1H,
J =283 Hz), 8.38 (d, 1H, J= 1.5 Hz), 8.23 (d, 1H, J=9.1 Hz), 7.98 (d, 1H, J = 8.31 Hz), 7.92
(d, 1H, J=7.9 Hz), 7.74-7.63 (m, 4H), 7.57-7.42 (m, 5H), 4.60-4.45 (m, 2H, N-CH,), 2.27-2.22
(m, 1H, N-CH,-CH), 2.12-1.93 (m, 4H), 1.43-1.04 (m, 8H), 0.86-0.80 (t, 6H, J = 7.55), 0.72-
0.67 (t, 6H, T = 8.31). *C NMR (125 MHz, CDCl3): 153.2, 151.1, 141.6, 140.8, 140.1, 138.5,
135.2, 133.8, 133.1, 130.0, 127.6, 126.4, 126.2, 125.2, 124.6, 124.3, 123.4, 122.6, 122.2, 121.6,
121.0, 120.8, 120.7, 120.1, 119.7, 119.2, 117.9, 110.2, 55.5, 50.2, 40.3, 39.7, 30.6, 28.6, 26.0,
23.9,23.1,14.1, 13.9, 10.8. MS (EI): m/z 684 [M]".

3-(9, 9-dibutyl-7-(4, 4, 5, S5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)-9H-fluoren-2-yl)-9-(2-

ethyl hexyl)-9H-carbazole (9a)

To a solution of 3-(7-bromo-9, 9-dibutyl-9H-fluoren-2-yl)-9-(2-ethylhexyl)-9H-carbazole
(8a) (3 g, 4.7 mmol) in anhydrous THF (120 mL) at -78°C, 2.6 mL of n-butyl lithium (2 M in
hexane; 5.2 mmol) was added. The mixture was stirred at -78°C for 2 h. 2-isopropoxy-4, 4, 5, 5-
tetramethyl-[ 1, 3, 2]-dioxaborolane (1.15 mL, 5.64 mmol) was added rapidly to the solution, the
resulting mixture was warmed to room temperature and stirred overnight. The reaction mixture
was poured into water and extracted with chloroform. The organic extracts were washed with
brine, dried with anhydrous sodium sulphate. The solvent was removed by rotary evaporation,
and purified by column chromatography over silica gel with n-hexane: ethyl acetate (95:5) as the
eluent to give the desired product as white solid (2.9 g, 4.25 mmol, Yield 90%). "H NMR (500
MHz, CDCl): 8.59-8.55 (d, 2H, J=10.6 Hz), 8.37-8.34 (d, 1H, J=8.3 Hz), 7.66-7.61 (m, 3H),

4.61 (m, 2H, N-CH,), 2.36-2.27 (m, 5H), 1.53 (s, 12H), 1.46-1.25 (m, 12H), 0.96-0.83 (m, 16H).

12
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BC NMR (125 MHz, CDCly): 151.6, 149.7, 143.8, 141.3, 140.9, 139.9, 134.4, 133.6, 132.2,
128.5, 127.3, 126.8, 125.8, 125.4, 124.9, 123.0, 122.6, 121.1, 120.2, 120.0, 118.6, 118.3, 108.8,
108.7, 83.2, 54.8, 46.9, 40.0, 39.0, 30.6, 28.5, 26.6, 25.7, 24.6, 24.0, 22.8, 22.7, 13.8, 13.6, 10.6.
ESI-MS: m/z 683 [M]".

8-(9, 9-dibutyl-7-(4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)-9H-fluoren-2-yl)-11-(2-

ethylhexyl)-11H-benzo|a]carbazole (9b)

This compound was synthesized according to the procedure similar to that of 9a, using 8-
(7-bromo-9, 9-dibutyl-9H-fluoren-2-yl)-11-(2-ethylhexyl)-11H-benzo[a]carbazole (3.0 g, 4.38
mmol), to give the desired product as white foamy solid. (2.8 g, 3.82 mmol, Yield 87%). 'H
NMR (500 MHz, CDCl;): 8.42-8.38 (d, 2H, J=10.6 Hz), 8.18-8.17 (d, 1H, J=8.3 Hz), 7.97-7.62
(m, 10H), 7.59-7.44 (m, 3H), 4.44-4.41 (m, 2H, N-CHy), 2.12-2.09 (m, 5H), 1.36 (s, 12H), 1.29-
1.08 (m, 12H), 0.82-0.79 (t, 6H), 0.70-0.66 (m, 10H). *C NMR (125 MHz, CDCl): 151.7,
149.8, 143.8, 141.3, 140.3, 139.1, 134.7, 133.6, 133.4, 132.8, 129.3, 128.6, 126.8, 125.9, 124.7,
124.2, 123.9, 122.9, 122.2, 121.9, 121.3, 120.4, 120.2, 119.3, 118.8, 118.7, 117.5, 109.8, 83.4,
54.9, 49.6, 40.1, 39.3, 30.3, 28.2, 25.7, 24.7, 23.6, 22.9, 22.7, 13.8, 13.6, 10.5. MS (EI): m/z 731
[M]".

4, 7-bis (9, 9-dibutyl-7-(9-(2-ethylhexyl)-9H-carbazol-3-yl)-9H-fluoren-2-yl) benzo[c] [1, 2,

5] thiadiazole (CFBFC)

To a mixture of 3-(9,9-dibutyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-
fluoren-2-yl)-9-(2-ethylhexyl)-9H- carbazole (9a) (0.98 g, 1.43 mmol) and 4,7-dibromo
benzo[c][1,2,5]thiadiazole (200 mg, 0.7 mmol) were dissolved in the mixture of toluene and
aqueous 2 M potassium carbonate solution (3:1, v/v).Then tetrakis(triphenylphosphine) palla-

dium (48 mg, 0.005mmol) and 18 mol% of 18-crown-6 were added to the solution and degassed

13
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with nitrogen for 15 minutes. The reaction mixture was heated at 80°C under nitrogen
atmosphere for 24 h. The cooled reaction mixture was filtered, poured into water, extracted with
chloroform, then dried over anhydrous sodium sulphate and evaporated to yield crude product.
The residue was purified by column chromatography using hexane as the eluent to give the
desired product 10 as yellow solid. (658mg, 0.53mmol, Yield 74%). '"H NMR (500 MHz,
CDCl): 8.42 (s, 2H), 8.22-8.20 (d, 2H, J=7.7 Hz), 8.11-8.07 (d, 2H, J=7.9 Hz), 7.99 (s, 2H),
7.93-7.74 (m, 8H), 7.52-7.44 (m, 3H), 7.41-7.29 (m, 6H), 7.27-7.24 (m, 3H), 4.22-4.20 (m, 2H,
N-CH,), 2.16-2.12 (m, 10H), 1.54-4.38 (m, 20H), 0.89-0.76 (m, 12H). *C NMR (125 MHz,
CDClL3): 154.4, 152.0, 151.3, 141.4, 141.3, 141.2, 140.4, 139.1, 135.9, 133.5, 132.6, 128.2,
127.8, 126.2, 125.7, 125.2, 123.8, 123.3, 122.9, 121.6, 120.4, 120.2, 119.6, 118.7, 109.2, 109.1,
55.3,47.5,40.3, 39.5, 31.0, 28.9, 26.2, 24.4, 23.2, 23.0, 14.1, 13.9, 10.9. MS (Maldi-TOF): (m/z)

Calcd: 1242.75; found: 1242.43.

4, 7-bis (9, 9-dibutyl-7-(11-(2-ethylhexyl)-11H-benzo[a]carbazol-8-yl)-9H-fluoren-2-yl)

benzo[c][1, 2, 5]thiadiazole (BFBFB)

This compound was synthesized according to the procedure similar to that of 10, using 8-
(9, 9-dibutyl-7-(4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)-9H-fluoren-2-yl)-11-(2-ethyl
hexyl)-11H-benzo[a]carbazole (9b) (1.04 g, 1.43 mmol), with 2,7-dibromo benzothiadiazole (2)
to give the desired product 11 as yellow solid. (600 mg, 0.45 mmol, Yield 62%). "H NMR (500
MHz, CDCl3): 8.51-8.46 (dd, 4H, J=22.9 Hz), 8.26-8.25 (d, 2H, J=5.3 Hz), 8.05-8.01 (m, 5H),
7.88-7.80 (m, 5H), 7.78-7.76 (m, 3H), 7.67-7.66 (d, 2H, J=6.4 Hz), 7.57-7.55 (d, 2H, J=6.3 Hz),
7.52-7.51 (d, 4H, J=8.3 Hz), 7.51-7.50 (m, 2H), 7.15 (s, 1H), 4.6-4.56 (m, 2H, N-CHy), 2.30-2.18
(m, 10H), 1.46-1.38 (m, 24H) 1.29-1.18 (m, 19H) 0.86-0.76 (m, 12H). *C NMR (125 MHz,

CDClL): 154.4, 152.0, 151.3, 141.3, 141.2, 140.7, 139.2, 135.9, 135.1, 133.7, 133.5, 129.6,

14
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128.9, 128.2, 127.8, 126.3, 125.1, 124.5, 124.3, 123.9, 123.3, 122.5, 121.7, 120.7, 120.3, 119.6,
119.2,117.8, 110.1, 55.3, 50.1, 40.3, 39.7, 30.6, 28.5, 26.2, 23.8, 23.2, 23.0, 14.0, 13.9, 10.8. MS
(Maldi-TOF): (m/z) Caled: 1342.78; found: 1342.43.

4, 7-bis (5-(9-(2-ethylhexyl)-9H-carbazol-3-yl) thiophen-2-yl) benzo|c][1, 2, S]thiadiazole

(CTBTC)

To a mixture of 9-(2-ethylhexyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-
carbazole (7a) (0.93 g, 2.3 mmol) and 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole
(4) (500 mg, 1.1 mmol) were dissolved in the mixture of toluene and aqueous 2 M potassium
carbonate solution (3:1, v/v). Then tetrakis(triphenylphosphine)palladium (63 mg, 0.005mmol)
and 18 mol% of 18-crown-6 were added to the solution and degassed with nitrogen for 15
minutes. The reaction mixture was heated to 80°C under nitrogen atmosphere for 24 h. The
cooled crude mixture was poured into water, extracted with chloroform, then dried over
anhydrous sodium sulphate and evaporated to yield crude product. The residue was purified by
column chromatography using hexane as the eluent to give the desired product 12 as black solid
(587 mg, 0.69mmol, Yield 52%). "H NMR (500 MHz, CDCl;): 8.26 (m, 2H), 8.09-8.08 (d, 2H,
J=7.2 Hz), 7.92 (m, 2H), 7.65-7.54 (m, 6H), 7.4-7.2 (m, 8H), 3.98 (m, 4H, N-CH,), 1.98 (m, 2H),
1.50-1.23 (m, 16H), 0.86-0.83 (m, 12H). *C NMR (125 MHz, CDCL): 152.2, 146.6, 141.1,
137.1, 128.3, 125.7, 125.1, 124.9, 124.6, 123.6, 122.9, 122.5, 122.4, 120.2, 118.8, 117.3, 117.2,
109.0, 108.9, 47.2, 30.7, 28.5, 24.1, 22.3, 13.9, 13.8, 10.7. MS (Maldi-TOF): (m/z) Calcd:

854.38; found: 854.

4, 7-bis (5-(11-(2-ethylhexyl)-11H-benzo[a|carbazol-8-yl) thiophen-2-yl) benzo[c] [1, 2, 5]

thiadiazole (BTBTB)

15
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This compound was synthesized according to the procedure similar to that of 12, using
11-(2-ethylhexyl)-8-(4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)-11H-benzo[a]carbazole
(7b) (1.04 g, 2.3 mmol), with 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (4) to
give the desired product 13 as brown solid (632 mg, 0.66mmol, Yield 59%). "H NMR (500
MHz, CDCl;): 8.48-8.40 (m, 4H), 8.19-8.17 (m, 2H), 8.08-8.02 (m, 4H), 7.81-7.46 (m, 12H),
7.43-7.08 (m, 2H), 4.56 (m, 4H, N-CH>), 2.23 (m, 2H), 1.55-1.24 (m, 16H), 0.86-0.84 (m, 12H).

MS (Maldi-TOF): (m/z) Calcd: 954.38; found: 954.

Computational details

Density Functional Theory (DFT) calculations were performed using Gaussian 09 ab initio
quantum chemical software package.”® DFT has been used for the ground-state properties, and
time-dependent DFT (TDDFT) for the estimation of ground to excited-state transitions. The
optimized geometries for all of the molecules in their stable conformations with subsequent

1?7 were used as the input for

frequency calculations obtained using B3LYP/6-311G (d, p) leve
further calculations. To expedite the calculations without compromising the results, methyl
groups were introduced instead of the solubilizers such as 2-ethylhexyl group in carbazole and
benzocarbazole moieties and two butyl groups in fluorene. The geometries were then used to
obtain the frontier molecular orbitals (FMOs) and also subjected to the single-point TDDFT
studies (first 15 vertical singlet—singlet transitions) to obtain the UV-Vis spectra of the dyes. The

3031 within the self-consistent

integral equation formalism polarizable continuum model (PCM)
reaction field (SCRF) theory, has been used for TDDFT calculations to describe the solvation of
the dyes in chloroform solvent. The TDDFT calculations were performed with various

functionals like B3LYP, PBE and M06-2X. The software GaussSum 2.2.5 was employed to

simulate the major portion of the absorption spectrum and to interpret the nature of transitions.*”

16
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The percentage contributions of individual units present in the dyes to the respective molecular

orbitals were calculated.
Results and discussion
Synthesis of dyes

The target dyes CFBFC, BFBFB, CTBTC and BTBTB were synthesized according to a
multistep synthetic pathway as illustrated in scheme 1. o-Phenylenediamine was treated with
thionyl chloride to get benzothiadiazole (1), the subsequent bromination of 1 with bromine in
47% HBr solution provided the key intermediate 4,7-dibromo benzothiadiazole (2).** Then 2
was coupled with 2-tributylstannyl thiophene in presence of Pd(PPh;), under Stille conditions to
get 4, 7-di(thiophen-2-yl) benzo[c][1, 2, S]thiadiazole (3) and further bromination with N-
bromosuccinimide gave 4,7-bis(5-bromo thiophen-2-1)benzo[c][1,2,5]thiadiazole(4).** Synthesis
of 8-bromo-11H-benzo[a] carbazole (5) was carried out according to Biicherer carbazole
synthesis in two s‘[eps.35 N-alkylation of 3-bromo-9H-carbazole, 8-bromo-11H-benzo[a]
carbazole by 2-ethylhexyl bromide to yield 3-bromo-9-(2-ethylhexyl)-9H-carbazole (6a) and 8-
bromo-11-(2-ethylhexyl)-11H-benzo[a]carbazole(6b) and C-dialkylation of 2, 7-dibromofluorene
by 1-bromo butane to 2, 7-dibromo-9, 9’-dibutyl fluorene were synthesized according to the
modified literature procedures.’® The N-alkylated bromo derivative of carbazole (6a) and
benzo[a]carbazole (6b) was treated with n-BuLi to eliminate the halogen atom at -78°C, and 2-
isopropoxy-4, 4, 5, 5- tetramethyl-1, 3, 2-dioxaborolane was added to yield the corresponding
boronate derivatives 7a and 7b.>” The syntheses of bromo derivatives 8a and 8b were obtained in
good yields by the Suzuki coupling of 2, 7-dibromo-9, 9°-dibutyl fluorene®® with intermediates
7a and 7b in the presence of Pd(Phs), as catalyst. The corresponding bromo derivatives 8a and 8b

again boronated by following the same procedure used to prepare the intermediate 7a and 7b and
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afford 3-(9, 9-dibutyl-7-(4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaborolan-2-yl)-9H-fluoren-2-yl)-9-(2-

ethylhexyl)-9H-carbazole (9a), 8-(9, 9-dibutyl-7-(4, 4, 5, 5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9H-fluoren-2-yl)-11-(2-ethylhexyl)-11H-benzo[a]carbazole (9b). Finally, the dyes CFBFC,
BFBFB based on fluorene m-spacer were obtained through Suzuki coupling of 9a and 9b with
4, 7-dibromo benzo[c][1, 2, 5]thiadiazole (2) and the dyes CTBTC, BTBTB were obtained from
the coupling of 8a and 8b with 4, 7-bis(5-bromothiophen-2-yl) benzo[c][1, 2, 5]thiadiazole (4)
under the same reaction conditions.”” All these molecules have been characterized by 'H
NMR, Bc NMR, IR, and EI-MS. MALDI-TOF mass spectrometry showed a molecular ion at the
correct mass for the target dyes. The details of the experimental characterization data are

available in the ESL
Molecular Geometry and orbitals of the dyes

Theoretical investigation of the molecular geometries and the electron density
distribution of the organic dyes is carried out to gain insight into these n-conjugated spacers and
their effect on electronic and spectroscopic properties. An important aspect to be looked into is
the planarity of the backbone to assess the degree of m-orbital overlap for efficient electron
transport.** Due to the rotational freedom of the molecule, we obtain many local minima with
very little energy difference. This indicates that the molecules may not have single dominant
conformation in both solution and solid phase. To obtain the molecular orbital (MO) picture and
vertical transitions, we freeze it in one local minima and carry out further studies including
TDDFT (Figure 2). *! Variation of the vertical transition with respect to change in angle is
investigated.

The electronic energies of the frontier molecular orbitals, used to assess the nature of

charge transfer, and the isodensity plots of HOMO and LUMO for the four dyes are presented in

18
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Figure 3. The HOMO is quite delocalized all over the spacer, acceptor and to an extent on the
donor part. The electron density on terminal part of donors such as phenyl group in carbazole
and naphthyl group in benzocarbazole is localized to lesser extent, which indicates that these
moieties are not actively engaged in electron distribution as reflected in computed excitation
energy of the dyes. The LUMO is mainly located on the central benzothiadiazole acceptor
moiety and a little extent on adjacent electron rich thiophene rings in the thiophene derivatives.
The similar pattern is observed for fluorene dyes also. The percentage contribution of each
segments in the dyes have been computed from the frontier molecular orbitals such as HOMO,
LUMO by dividing into three segments such as donor (D), n-spacer (P), and acceptor (A) using
GaussSum software. The diagram is illustrated in figure S3, ESL.
Optical Properties

Evaluation of optical properties is essential to understand the small molecules
applicability for optoelectronic devices. Figure 4 depicts the UV-Visible absorption and emission
spectra of the four dyes CFBFC, BFBFB, CTBTC and BTBTB in chloroform solution and the
corresponding optical properties are compiled in table 1. All the compounds showed two
absorption bands which are characteristics of donor-acceptor based system. Among that, the
higher energy absorption band at 320-370 nm corresponds to the localized n-n* transition of the
conjugated backbone. The intensity of n-n* transition peaks for the fluorene dyes are relatively
high. Dyes based on fluorene m-spacer such as CFBFC, BFBFB display the lower energy
absorption band at 382-516 nm with the molar extinction coefficient of ~3.5 x 10* M cm™
which is ascribed to the intramolecular charge transfer (ICT) transition from the donor segments

42-44

to acceptor group. The longer wavelength absorption maxima of 433 nm in BFBFB,

comprising benzocarbazole as donor is almost identical to that of CFBFC (434 nm), the
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carbazole counterpart which indicates that the introduction of different kind of donors such as
carbazole, benzocarbazole has less pronounced effect on intramolecular charge transfer (ICT) for
fluorene based dyes. It is important to note that, in comparison to the absorption spectra of
fluorene based analogues, compounds based on thiophene m-spacer such as CTBTC, BTBTB
exhibit two distinct absorption maxima at 524 nm and 499 nm respectively. The substitution of
thiophene in place of fluorene leads to 65-90 nm bathochromic shift in the absorption and the
emission profile as well. Additionally, the dye BTBTB which contains benzocarbazole as donor
displays hyperchromic and hypsochromic effects when compared to the CTBTC.* It has been
noticed that the area of ICT band of thiophene dyes (~250 nm) are almost twofold broad in
comparison to that of fluorene dyes (~136 nm) and the intensity is also comparatively high,
which implies that the ICT character of the dyes are enhanced by replacing the spacer units of
fluorene by thiophene. In the film state, the absorption spectra exhibit an apparent broadening
and bathochromic shift of absorption bands corresponding to that of the solution spectra due to
the well structured and intermolecular interactions in the solid state.*® Thus, the replacement of
fluorene m-spacer by thiophene leads to 1) considerable reduction in band gap with large
extension in spectral response which indicates that thiophene as n-spacer has effective electronic
communication between donor and acceptor 2) extensive delocalization of thiophene dyes which
lead to bathochromic shift due to the more planar conformation and high lying m-orbital along
with smaller aromatic resonance energy of thiophene entity compared to fluorene.*”**

To further investigate the effect of solvent-solute interaction on the ICT character of the
dyes, the absorption spectra was recorded in various solvents. The UV-Vis absorption and
emission spectra of CTBTC recorded in various solvents are shown in Figure 5 and remaining

dyes are shown in ESI. All these dyes showed negligible response to the solvent polarity for
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intramolecular charge-transfer in the ground state.* In contrast, emission spectra of the dyes red
shifted remarkably as polarity of the solvent increases. It is clear from that, in the presence of
polar solvent, the non-polar locally excited (LE) state as seen in absorption is transformed into a
polar excited state as seen from emission.”® A distinct solvatochromic effect is observed for the
thiophene derivatives rather than fluorene dyes. For example, emission maximum Amyax of
CTBTC is red-shifted from 644 nm in hexane to 712 nm in DMF which implies that the excited
state of the compounds is well stabilized upon increasing the polarity of the solvent and displays
red shifted emission. The large Stokes shift observed for fluorene dyes reveal that, these dyes
undergo more structural relaxation during photoexcitation.”' The optical band gap (E,) (Table 1)
has been derived from the onset absorption spectra of the dyes in thin film state.

Based on the experimental observations and to have a deeper understanding of the
excited-state transitions, TDDFT studies have been carried out for these molecules using
different energy functionals such as B3LYP, PBE and M06-2X with 6-311G (d, p) basis set.’*™
The transition energies obtained in gas phase using the B3LYP and PBE functional are highly
overestimated compared to the experimental results. On the other hand the absorption spectra
computed using M06-2X gas phase results show only a small underestimation and this functional
further used in the framework of Polarizable Continuum Model (PCM) with chloroform as the
solvent. This is in reasonable agreement with the experimental values. Table 2 contains
computed vertical excitation along with their oscillator strength, frontier orbital energies and
compositions of vertical transitions in terms of molecular orbitals of all the dyes. The ground
state and transition dipole moment of the dyes computed from DFT and TDDFT calculations
also corroborate the experimental observation. The intramolecular charge transfer excited state is

clearly formed from the HOMO to LUMO transition. It is evidently demonstrated that, the
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percentage contribution of thiophene as m-spacer is superior to fluorene with regard to the
electronic properties of the molecule which may be attributed to the effective orbital mixing over
the whole n-conjugated system (Figure S3, ESI). *°

To ascertain the charge transfer nature of n-spacers of the dyes upon photoexcitation, we
have performed the absorption studies as a function of dihedral angle by varying from 0° to 60°
in steps of 5° between the donor vs. m-spacer and m-spacer vs. acceptor in both the fluorene and

3% 55 The structures used for this calculation

thiophene derivatives using TDDFT calculations.
have been obtained from the optimized geometry at B3LYP/6-311G (d, p) level. The absorption
values obtained for these two derivatives with different position are plotted against dihedral
angle are displayed in ESI (figures S5 and S6). It is clearly seen from the figures, the deviation of
dihedral angle between the donor and m-spacer has pronounced effect on the absorption of
BTBTB which leads to 45 nm bathochromic shift, whereas only 11 nm redshift is observed in the
case of BFBFB. The dye BTBTB exhibits fourfold variation in absorption substantiates that the
thiophene as m-bridge unit promotes the electron transport efficiently over the entire molecule.

The variation of absorption in terms of dihedral angle deviation between the spacer and acceptor

for these molecules are almost same (~97 nm).
Electrochemical studies

In order to evaluate electrochemical properties of these dyes, the redox behavior was
investigated by performing the cyclic voltammetric (CV) technique with a standard three-
electrode configuration.”® The oxidation potentials in voltammograms reveal that all compounds
undergo irreversible oxidation (Figure 6). The HOMO levels of all the compounds, calculated
from the onset oxidation potential according to an empirical formula [Egomo = -€(Eox + 4.4)

(eV)], and the LUMO levels, estimated from the onset reduction potentials™ according to an
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empirical formula [E;ymo = -€(Ered + 4.4) (eV)], are compiled in table 3. The onset oxidation
potentials of the fluorene dyes BFBFB, CFBFC and the thiophene dyes BTBTB, CTBTC are
estimated to be 1.35 V, 1.27 V, 1.13 V and 0.92 V corresponding to the HOMO levels of -5.75
eV, -5.67 eV, -5.53 eV, and -5.32 eV respectively. Among these compounds, BFBFB and
BTBTB show more positive shift in oxidation potential implying that the incorporation of
benzocarbazole moiety has significant effect on lowering the HOMO level corresponding to that
of carbazole counterpart. This should also improve the V,. (because V, is proportional to the
energy difference between the HOMO of electron donor and the LUMO of electron acceptor in

small molecule organic solar cells).*”

The onset reduction potentials of the dyes are estimated to
be -1.12 V, -1.17 V, -0.95 V and -0.97 V corresponding to the LUMO levels of -3.28 eV, -3.23
eV, -3.45 eV and -3.43 eV respectively. It has been noticed that, the introduction of thiophene as
n-spacer in place of fluorene leads to a reduction in the band gap and the HOMO and LUMO
levels shift upwards and downwards by 0.22 eV, 0.17 eV respectively for BTBTB compared to
BFBFB and 0.35 eV, 0.19 eV respectively for CTBTC compared to CFBFC as depicted in figure
7. The band gap reduces in the order of BFBFB (2.47 eV) > CFBFC (2.44 ¢V) > BTBTB (2.08
eV) > CTBTC (1.90 eV). The HOMO-LUMO gaps (AE) derived from cyclic voltammetry (CV)
are in good agreement with the optical band gaps which are determined from the onset
absorption spectra in thin film state. The DFT calculated HOMO and LUMO values are
estimated to be -5.25 eV, -2.7 eV for fluorene derivatives and -5.04 eV, -2.9 eV for thiophene
derivatives respectively follow the experimental trend. The HOMO-LUMO gap decreases
gradually by the substitution of thiophene as m-spacer in place of fluorene. The HOMO-LUMO

gap calculated from the frontier orbital energy values are estimated to be 2.5 eV and 2.4 eV for

fluorene and 2.0 eV and 1.9 eV for thiophene derivatives respectively. These values are in
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reasonably good agreement with the estimated electrochemical and optical band gap data. The
band gaps using hybrid functionals with fully periodic boundary conditions (PBC) usually are
known to give better agreement with the experimental results.”®
Thermal properties

The thermal properties of the four dyes were investigated by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) under a nitrogen atmosphere at a heating rate
of 10°C min"'. The TGA analysis depicted in Figure 8, reveals that the 5% weight loss
temperatures (T4) of the dyes are ranging from 372-433°C. The melting points (T,,), glass-
transition temperatures (T,) were measured by carrying out DSC in N, atmosphere. The T, and
Ty values of benzocarbazole dyes are comparatively higher than the carbazole dyes, as seen from
figure 9 and table 1. The T, values are in the range of 63-124°C, determined from the second
heating scan. It is apparently seen from the figures, fluorene analogues exhibits more thermal
stability than their thiophene counterparts owing to the presence of rigid structural unit of
fluorene.”” All the dyes have good thermal stability, which is very essential for device fabrication
process and other kinds of applications.
Photovoltaic properties

Because of their appropriate optoelectronic features, solubility and good film forming
capabilities, all the materials were incorporated as p-type semiconducting components with the
soluble fullerene derivative such as [6,6]-phenyl-Cg;-butyric acid methyl ester (PCs;BM) as n-
type semiconductor in bulk-heterojunction (BHJ) photovoltaic devices. BHJ architectures
typically deliver higher device power conversion efficiencies by maximizing the surface area of
the interface between the donor and acceptor materials in the active layer. For all the compounds,

the device structure used was ITO/PEDOT: PSS (38 nm)/active layer/Ca (20 nm)/Al (100 nm)
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where the active layer was a solution-processed blend of any of the donor materials reported here
and the solubilized fullerene PCs;BM. This was done by spin coating mixtures of the appropriate
dye with PC¢;BM in chlorobenzene under ambient conditions in 1: 1 ratios without subsequent
annealing. The optimum layer thickness was found to be in the range of about 70 nm. The best
photovoltaic devices based on compound CTBTC gave a power conversion efficiency (1) of
1.62%. The respective current-voltage (J-¥) curves are shown in Fig. 10.

The relatively lower efficiency achieved by using BFBFB, CFBFC and BTBTB than the
CTBTC is likely due to the weaker absorption of the visible spectrum. This suggests that light
harvesting ability of the small molecule donors plays an important role to achieve optimum
photovoltaic performance. The modest fill factors observed for all devices suggest that the
pathways for charge carriers to the electrodes are not optimized, a problem that could be
addressed by using donor fragments that encourage stronger intermolecular interactions. With
regards to the processing conditions of blend solutions, previous studies™ indicate that there
exists a strong effect of solvent and the degree of crystallization on the cell performance. Our
attempts to fabricate the devices using low boiling solvent, such as chloroform, resulted in very
poor photovoltaic performance. This was primarily due to poor film quality. The finding that the
OPV devices comprising these novel donor materials perform better with high-boiling solvents is
significant as the use of high-boiling solvents is preferable from a processing point of view.
Table 4 represents the comparative photovoltaic performance data.

This preliminary study has been conducted using Cep-derivative of PCBM, however
reports of using Cyp-derivative for the enhancement of efficiency is mainly attributed to
enhanced absorption in the film. Latter might be useful for the device optimization using

materials reported in this study and is a work of near future.
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Conclusion

In summary, we have reported four benzothiadiazole core structured compounds based on
D-n-A-n-D architecture featuring different m-spacers of fluorene and thiophene along with
benzocarbazole and carbazole as donors. The significance of these modifications on the
individual segments of the dyes has been thoroughly investigated by using a range of
experimental techniques such as optical, electrochemical and thermal methods. The enhanced
oxidative and thermal stability of compounds BFBFB and BTBTB indicate that benzocarbazole
functionality can play a vital role as donor for optoelectronic applications. The substitution of
thiophene as m-spacer in place of fluorene has pronounced effect on their photophysical and
electrochemical properties. The electrochemical bandgap of these dyes are greatly reduced by
changing the m-spacer from fluorene to thiophene. The band gap derived from electrochemical
studies is in good agreement with the band gap data derived from optical methods. From the
electronic structure obtained from DFT methods, it is clear that the better performance of
thiophene as m-spacer is largely due to the planarity of the molecule. The results obtained from
thermal methods clearly establish that all the compounds have high decomposition temperatures
(Ty) in the range of 372 - 435°C. The significant electronic and optical properties demonstrated
by these dyes allowed us to fabricate them in solution processable BHJ OPV devices. After the
preliminary device examination, the devices with CTBTC as donor material exhibit the best
efficiency (1.62%) with PC¢ BM. The inferior performance from rest of the materials is likely
related to the weaker absorption in the visible region. Our results not only enrich the molecule
library of the donors, but also point out that consideration of factors such as (1) light-harvesting,

(2) charge carrier mobility and (3) solvent selection is pivotal in the design of the small molecule
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donors. Further examination of the device fabrication using Cyo-derivative of PCBM is the

subject of on-going work in our laboratories.
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Scheme 1 Synthetic route for the preparation of target dyes
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Fig. 2 Computed interplanar angles in local ground state between the different aryl segments of

the dyes.
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Fig. 3 Computed isodensity (0.02) surfaces of the HOMO and LUMO of the target molecules.
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Fig. 5 Solvatochromism observed from UV-vis absorption and emission spectra of CTBTC

recorded in various solvents. (for remaining dyes see ESI)
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Table 1 Optical properties and thermal analysis data of the dyes.

Dye )"abs * € )"ﬂua )"absb Stokes Eg, oplC Ty Th Tg
(nm) (M'em™) (nm) film shift (V) Co) | o | o
(cm™)
BFBFB 433 34, 063 270 1
337 07,859 563 447 5333 2.36 433
CFBFC o 35,653
338 92,477 563 447 5280 2.30 435 215 98
499 40,343
BTBTB 332 74,029 639 521 4391 1.95 376 192 96
CTBTC 524 36,706
356 53,401 663 544 4001 1.85 372 173 63
? absorption and emission spectra in chloroform in the concentration of 1x10™ M at ambient temperature.
® measured in thin film state.
¢ estimated from the onset absorption spectra of the compounds in thin film state.
T4 - decomposition temperature (corresponding to 5% weight loss).
Ty, - melting point of the compounds.
T, - glass transition temperature and values are from the second heating scan.
Table 2 Comparison of the experimental optical properties with the theoretical data.
A2 MO06-2X (Chloroform)
Dye mex ugsb lvl-gec
(nm)
Amax (nm) f Composition
433 HOMO->LUMO ~ (54%)
BFBFB 404 (3.07 eV) 1.61 HOMO-2->LUMO (25%) 2.3 2.6
434 ] %
CFBFC 404 (3.07 V) 1.54 HOMO->LUMO _ (65%) 2.1 2.5
HOMO-2->LUMO (25%)
499 HOMO->LUMO (90%)
BTBTB 500 (2.48 eV) 1.37 HOMO-2->LUMO (5%) 2.3 3.1
524 HOMO->LUMO (92%)
CTBTC 503 (2.47 eV) 1.19 HOMO-2->LUMO (4%) 2.3 3.1

*recorded in chloroform (1x10™ M solution).

® dipole moment of the dyes in ground state (debye units) obtained from B3LYP/6-311g(d,p) level.

¢ transition dipole moment of the dyes (debye units) obtained from M06-2X/6-311g(d,p) level.
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Table 3 Comparison of electrochemical data measurements vs. values obtained from DFT

a c d
5 Eonset (V) HOMO" LUMO® Eg el DFT Band Gap®
ve oxd red (eV) (eV) (eV) HOMO LUMO (eV)
(eV) (eV)
BFBFB 1.35 -1.12 -5.75 -3.28 2.47 -5.25 -2.55 2.70
CFBFC 1.27 -1.17 -5.67 -3.23 2.44 -5.24 -2.53 2.70
BTBTB 1.13 -0.95 -5.53 -3.45 2.08 -5.00 -2.67 2.33
CTBTC 0.92 -0.97 -5.31 -3.43 1.90 -4.97 -2.66 2.32

*measured in CH,Cl, with 0.1 M Tetrabutylammonium perchlorate (TBAPC) as supporting electrolyte with a
scan rate between 50 mVs™.

® deduced from the formula HOMO = -(4.4 + E,,) and LUMO = -(4.4 + E,)

“bandgap obtained from electrochemical data

4 computed values from B3LYP/6-311G (d, p) level

¢ band gap obtained from theoretical data.
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Table 4 Comparative BHJ solar cells performances

Dye ]?}ifgllglgslgg Vo Jse FF Efficiency”
(1:1@3000 rpm) (mV) (mA/cm®) (n%)

BFBFB 64 250 + 30 5.09+0.4 0.23 + 0.04 0.30 + 0.08

CFBFC 66 430 + 20 6.13+0.6 0.26 + 0.03 0.71 +0.15

BTBTB 62 691+30 | 3.30+0.3 0.32 +0.02 0.76 = 0.07

CTBTC 63 960+20 | 4.63+0.2 0.34 + 0.03 1.62 + 0.06

* BHJ devices with specified weight ratio. Device structure is ITO/PEDOT: PSS (38 nm)/active

layer/Ca (20 nm)/Al (100 nm) with active layer thickness of about 65 nm.

® Average value based on 10 devices.
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