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PREFACE

Among the third generation photovoltaic technologies, dye sensitized solar cells (DSSC)
excels with many attractive features. DSSC consists of three major components, photoanode,
electrolyte and a counter electrode. Dyes occupy a prominent position among components in
DSSC. Recently organic dyes have emerged as the most promising candidate for DSSC due
to their performance, ease of synthesis, stability, tunability, low cost and eco-friendly
characteristics. Among various organic dyes, heterocycles, mainly N- and S-containing, have
found immense applications as sensitizers. The objective of our investigation was directed
towards unravelling the potential of fused indole systems to construct new and novel
photosensitizers.

The thesis is organized into four chapters. Chapter 1 initiates with a brief introduction on the
evolution of photovoltaic technology and proceeds in detail to the specific aspects of dye
sensitized solar cells (DSSC). Final section of the chapter describes back ground literatures
where indole fused heterocycles were used as either donor or m-spacer to construct
photosensitizers for DSSC applications. The upcoming chapters deals with detailed
investigation of dyes which are based on indole fused systems as donor. Chapter 2A deals
with dyes 1ID1-11D6 and chapter 2B deals with 11D7-11D9. Chapter 3 involves
benzothienoindole based systems. While Chapter 3A deals with BID1-BID3, the second part
of the chapter deals with BID4-BID6. Chapter 4 involves di-anchoring dyes 11D10-11D12.

Chapter 2 which is divided into two parts deals with the utilization of indoloindole as donor
to develop D-n-A dyes for DSSC. Part A of the chapter was initiated with the development of
D-n-A dyes which utilizes indolo[3,2-b]lindole as donor, cyanoacrylic acid as
acceptor/anchoring group and varied the n-spacer employed such as benzene, thiophene and
furan to construct sensitizers 11D-1, 11D-2 and I1D-3 respectively. To minimize dye
aggregations, the two N-atoms of indolo[3,2-b]indole core was functionalized with hexyl
chains. Though furan substituted dye was exhibiting higher light harvesting efficiency with
wider absorption profile, 11D-1 having benzene as n-spacer outperformed the other two with
higher photovoltage and current density. Co-adsorbent chenodeoxycholic acid (CDCA)
optimization studies further enhanced the performance with maximum efficiency realized
using 20 mM CDCA concentration. This indicated significant dye aggregations happening in
the system and we concluded that the slightly twisted conformation of 11D-1 may be helping

the system to alleviate dye aggregation and also the approach of oxidized species (hole) in the

xiii



electrolyte coming closer to semiconductor. Further we did molecular engineering by
replacing the hexyl group with dodecyl chain as an approach towards reducing dye
aggregation. The dyes thus developed are 11D-4, 11D-5 and 11D-6 with n-spacer as benzene,

thiophene and furan respectively.

By adopting this structural modification, all the dyes could outperform the previous set even
in the absence of any co-adsorbent. This indicates the efficacy of dodecyl chains in inhibiting
aggregate formation than hexyl chain and thus preventing the back electron transfer reactions.
In the absence of aggregate formation, light harvesting efficiencies of dyes improved
contributing significantly towards the power conversion efficiency (PCE) and furan
substituted dye exhibited maximum PCE of 4.4 % and the minimum was delivered by the
benzene substituted dye 11D-4. In Part B dodecyl chain incorporated indolo[2,3-b]indole was
used as donor to synthesize 1ID-7, 11D-8, and 11D-9 with benzene, thiophene and furan
respectively as w-spacer. Like in the previous case, light harvesting efficiency dominated the
overall PCE and thus furan spacer showcased superior performance followed by thiophene
and benzene. The performance of indolo[2,3-b] based dyes were lesser than their indolo[3,2-
b] counterparts in terms of both photocurrent and photo voltage. On moving from 11D-1 to
11D-9 light harvesting efficiency played a crucial role in the current generation which in turn
contributed significantly to the overall power conversion efficiency of the corresponding

devices.

Chapter 3A deals with another class of electron donors, benzothieno[3,2-b]indole. We
successfully synthesized three new D-n-A organic dyes based on benzothieno[3,2-b]indole as
donor and by varying the m-spacer unit with benzene (BID-1), thiophene (BID-2) and furan
(BID-3). With judicious selection of n-spacer, the optical properties are controlled in a way to
realize improved photovoltaic performance. Furan substituted dye, BID-3 showcased the best
performance with a PCE of 4.11%. The efficiency value increased in the order BID-1
(1.16%) < BID-2 (3.10%) < BID-3 (4.11%). Better planarity of the molecular backbone
helped BID-3 in achieving improved donor- acceptor interactions and superior charge
separation leading to larger dipole moment thereby realizing improved light harvesting and
photovoltaic performance. Similar kind of investigation was also performed on
benzothieno[2,3-b]indole donor based D-n-A dyes. The dyes thus constructed BID-4, BID-

5, and BID-6 with benzene, thiophene and furan spacer respectively are included in chapter

Xiv



3B. Here also furan spacer outperformed the rest with better current density and

photovoltage.

The systematic investigations of donors in the previous sections revealed the superiority of
indolo[3,2-b]indole in device performance. Hence, in Chapter 4 we adopted the innovative
molecularly engineered bifunctional D(m-A), architecture taking indolo[3,2-b]indole as
donor. We changed the m-spacer as benzene (I1D-10) and furan (11D-11) keeping the
acceptor/anchoring group fixed as cyanoacrylic acid. Our objective was to increase the
absorption capabilities of the fused heterocyclic dyes in the visible region by exploiting the
extended conjugation of the newly designed molecular design. In addition, multi anchoring
approach has also proved to ensure effective coupling and electron injection with the
semiconductor. The devices were subjected to both outdoor (full sun) as well as indoor
(artificial light) measurements. Under full sun illumination, 11D-10 and 11D-11 differs
significantly in current density with 11D-11 achieving the maximum current density leading
to an efficiency of 4.81%. Along with higher light harvesting efficiency, better electron
collection efficiency and electron injection ability could be attributed to the observed trend in
the net photovoltaic performance. The charge extraction measurements revealed a positive
shift for the conduction band in the case of devices fabricated with 11D-11. This might have
helped effective electron injection in the case of 11D-11. Next we synthesized dye 11D-12
with the same molecular architecture utilizing indolo[2,3-b]indole as donor, furan as m-spacer
and cyanoacrylic acid as the anchoring/acceptor group. IID-12 showcased poorer
performance than the previous di-anchoring dyes with an efficiency of 2.87%. While the
measurement of devices suing a day light CFL revealed improved performance for 11D-10
and 11D-11, 1ID-12 showed a decrease in PCE. While the indoor performance of 11D-10
almost remained constant on going from 1000 lux to 200 lux, an increment in PCE was
observed for 11D-11 based devices delivering a maximum of 13.4% at DL CFL-200 Lux

illumination.
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CHAPTER 1

Indole Fused Heterocycles as Sensitizers in Dye-Sensitized Solar Cells: An

Overview
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Abstract

The past three decades have witnessed extensive research in the development of non-metallic
organic dyes for dye sensitized solar cells (DSSC). Dyes occupy a prominent position among
the components in DSSC, and organic dyes have emerged as one of the most promising
candidate for DSSC due to their performance, ease of synthesis, stability, tunability, low cost
and eco-friendly characteristics. In addition to this, so far, the best and highest performing
DSSCs reported in literature use metal-free organic dyes. Organic dyes also provide
flexibility to be used along with alternate new generation cobalt and copper electrolytes.
Among various organic dyes, heterocycles, mainly N- and S-containing, have found immense
application as sensitizers. Indole fused heterocycles were used by different research groups in
their dye designs, mainly as a donor and w-spacers. The planarity of these electron-rich fused
indole systems is advantageous as it helps to initiate more prominent ICT transitions. In
addition, the possibility for selective functionalization of N-atom with long or branched alkyl
chains prevents the aggregation of the sensitizer, increaes the solubility and is effective in
custom dyes designing which are in turn capable of preventing back electron transfer
(recombination). Fused indole moieties utilized in the design of sensitizers are stable and

offer ease of synthesis
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1.1 Introduction

Fossil fuel-based resources have been primarily satisfying the energy demands of humankind
for more than a century. The ever-increasing energy demands that are fuelled by the growing
human population contributed to environmental issues with depletion of conventional
resources, necessitating the need for research in developing efficient methods to harness
alternative energy sources.! Solar energy is considered one of the most promising alternatives
that could sustainably provide inexhaustible energy.” The stepping stone for photovoltaic
technology was laid with the demonstration of the first silicon-based solar cells by Bell
laboratories which exhibited an efficiency of ~6%. Since then, the technology has witnessed
many advancements in introducing thin films in the late 70’s and finally reaching up to the
third-generation solar cells.® The third-generation photovoltaics consist of dye-sensitized
solar cells, organic solar cells, quantum dot solar cells and perovskite solar cells.* Though
their efficiencies are still lagging behind the conventional silicon-based devices, the lower
fabrication cost of these devices along with lesser environmental impact are promising factors
that urge the scientific community to carry out research and technological advancements in

third-generation photovoltaics.”
1.2 Dye Sensitized Solar Cell

Dye sensitized solar cell research received momentum in early 90’s with the pioneering work
carried out by Brian O'Regan and Michael Gratzel in 1991, where they used Ru metal
complex sensitized nanocrystalline TiO, film, realizing a power conversion efficiency of
7%.5 DSSC has many attractive features, including lower fabrication cost and short payback
time with minimum environmental hazards.” In addition, it can be designed for both outdoor
as well as indoor light harvesting.® DSSC consists of three major components,
photoelectrode, electrolyte and a counter electrode. The dye sensitized mesoporous
semiconductor layer coated on a conductive glass/plastic substrate collectively acts as the
photoanode. The electrolyte is responsible for both regeneration of dye as well as charge
transport to the counter electrode. Liquid electrolytes which consist of redox mediators in
organic solvents are typically used in DSSC. To address the leakage and device lifetime
issues originating from the use of liquid electrolytes, efforts are being made to explore quasi-
solid electrolytes and solid conductors. Counter electrode is composed of transparent
conductive oxides (ITO/FTO) coated with catalysts like platinum/PEDOT/Carbon for fast

electron transfer reactions. The mechanism of current generation with DSSC starts with the
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absorption of light by the sensitizers that are adsorbed on the semiconductor surface. These
photoexcited electrons are then injected into the conduction band of the semiconductor which
diffuses through the conductive substrate and finally reaches the counter electrode. The
oxidized dye molecules are subsequently regenerated by the redox mediators present in the
electrolyte which are then reduced at the counter electrode. This cycle continues generating

current without net chemical change in the system (Figure 1).°

Electrolyte Dye

Figure 1. Operating principle of DSSC

Unlike conventional PV devices, DSSC excels with the advantage that different components
are carrying out light absorption, charge generation, and charge transport. This opens up
broader possibilities of achieving higher photovoltaic performance by selectively optimizing

each component used in the device.
1.3 Sensitizer: Characteristics and Design principles
1.3.1 Characteristics of a good sensitizer

Dye sensitizer represents the core unit in DSSC, responsible for light absorption and electron
injection into the semiconductor layer. Designing of dye sensitizer with intensified absorption
profile from visible to NIR region is a critical factor for light harvesting. It should also
possess higher molar extinction coefficient. The optimum redox potential of the dye energy
levels (HOMO-LUMO) is necessary to achieve efficient electron injection into the
semiconductor conduction band and to realize effective regeneration of dye ground state by

the redox electrolyte. The sensitizer should also possess features such as suitable binding
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groups (-COOH, -PO3H,) to anchor onto the semiconductor surface and also need to be
engineered in such a way to minimize aggregation on the semiconductor. The prevention of
dye aggregation is highly desirable to reduce recombination losses and increase the open
circuit potential of the devices, which can also contribute to the stability of the device as a

whole.*
1.3.2 Metal based sensitizer versus Organic sensitizers

Ruthenium-based sensitizers dominated the first two decades in DSSC research since their
inception in the early nineties due to their broad absorption and higher power conversion
efficiencies and reached up to a PCE of 11.5% using conventional iodide/triiodide
electrolyte.** Though these sensitizers appear to be feasible for practical applications, with
progressing research, a lower molar extinction coefficient of metal complexes along with the
scarcity of Ru have slowly paved the way for the advent of metal-free sensitizers.
Additionally, the introduction of alternate cobalt and copper electrolyte further encouraged
the scientific community to expand the research on organic dyes, which are most suitable
with alternate electrolytes. The introduction of metal-free sensitizers has also opened up an
arsenal of strategies to develop more efficient devices at a lower cost and in an eco-friendly
manner.*? Metal-free sensitizers generally display high molar extinction coefficients, but the
narrow absorption of many sensitizers possess serious concern over light harvesting. The
emergence of a co-sensitization strategy helped to alleviate this limitation by realizing
panchromatic absorption through the sensitization of a combination of different dyes having
complementary absorption.*® This also reduced the possibility for dye aggregation. The
strongest side of organic sensitizers involves the flexibility in tuning the chemical structure
with the help of well-established synthetic strategies.* According to the recent reports, the
PCE of DSSC based on single metal free organic sensitizers has reached 13.6% using cobalt
electrolyte, 11.7 for solid state DSSC and 32% for indoor light harvesting. The co-
sensitization strategy could realize 14.3% PCE using cobalt based electrolyte.*®

1.3.3 Molecular engineering of organic dyes

Molecular engineering of dyes deals with designing systems with potential light-harvesting
ability over the entire visible region with proper energetics that realizes electron transfer from
the excited state of the dye to the metal oxide upon light absorption. The most widely
employed molecular architecture is the donor-n-spacer-acceptor (D-n-A) strategy.'®

Anchoring groups are supposed to be bifunctional, serving the purposes of adsorption as well
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as electron acceptance. Although many new anchoring groups have emerged, cyanoacrylate
group is generally found to outperform others because of its agreement with the two functions
mentioned above. The strong electron withdrawing nature of cyanoacrylate moiety facilitate
the broadening of absorption spectra of molecules along with strong adsorption capability to
the semiconductor surface increases the injection ability and device lifetime. A wide variety
of choices are present for both donor and m-spacer moieties. The derivatives of arylamine,
carbazole, coumarins and phenothiazine are some of the popular donor groups of continued
interest used in DSSC.'" The n-linkers have also got paramount importance in tuning the
communication between donor and acceptor units, thereby increasing the light-harvesting
ability of the dyes. Though thiophene, furan, benzene and oligothiophenes have been used
extensively as m-spacer in dyes, fused ring planar systems with strategies to prevent m-m
aggregation are not explored to its full extent.® Apart from modulating each building block
of a sensitizer, considerable effort was also laid in engineering new dye design strategies,
which resulted in the introduction of architectures like D-A-n-A, D-D-n-A, A-n-D- n-A and
D-n-A-A .*°

1.4 Fabrication and characterization of solar cell
1.4.1 Device structures

A sandwiched structure in which both the conducting and working electrode are built on
conducting glass substrate is the standard device structure. Transparency and electrical
conductivity are two important parameters needed for a transparent conductive substrate.
Though ITO film has higher percentage of transparency than FTO, low sheet resistance
coupled with chemical and thermal stability make FTO films better in most of the cases. A
mesoporous TiO, layer (active layer) is coated over the TCO followed by the light scattering
layer to improve the light capture in the device. Further engineering is usually done at the
photo electrode to reduce the back electron transfer reactions which are called blocking
layers. This is achieved by coating thin and compact layer of TiO, between FTO plate and
active layer called pre-blocking layers. Post-blocking layers are coated over the light
scattering layer. Working electrode completes after the sensitization of semiconductor with
dye. The counter electrode is composed of TCO with catalyst such as Pt nanoparticles, carbon
etc. These two electrodes are then sealed using thermoplastic with a thin layer of electrolyte

between them.
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1.4.2 Device fabrication

All the devices reported in the thesis were fabricated in the sandwiched configuration.
Working electrodes (FTO, TEC15, GreatCell Solar) were cleaned using ultrasonic bath in
soap solution, deionized water and isopropyl alcohol followed by heating to 500 °C. The pre-
blocking layer was coated on the UV-Ozone treated substrates by immersing in 40 mM TiCl,
solution at 70 °C for 30 min. 16 um titanium dioxide semiconductor layer (12 um transparent
layer and 4 um scattering layer) was coated on the substrates and were heated to 500 °C
through ramped heating. The TiO, coated electrodes were soaked in 0.2 mM of respective
dye solutions 15 hours in acetonitrile at room temperature. Pre-drilled, platinum coated FTO
was used as the counter electrodes and the cells were assembled using a 25 um surlyn spacer.
The space between working and counter electrodes were filled with electrolyte composed of
0.5 M BMII, 0.1 M Lil, 0.03 M 12 and 0.5 M tbp in acetonitrile.

1.4.3 Solar cell characterization

An equivalent circuit diagram can be used to draw useful information about the solar cell
parameters (Figure 2). An ideal solar cell can be modelled by a current source in parallel with
a diode. To meet with the real time scenario or the non-ideal behaviour of solar cell, a shunt

resistance and series resistance can be added to the model.?
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Figure 2. Representation of a solar cell as a schematic circuit

The power conversion efficiency, which is the most significant parameter in defining the
efficiency of a solar cell can be deduced from the J-V curve which is obtained by irradiating
the solar cell by a solar simulator under the conditions of illumination with 100 mwW cm™
light with AM1.5G spectral distribution, while the cell is kept at 25 °C. The cell parameters

which are associated with this measurement are:
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1. Short circuit current (Isc)

It is the highest current that can be drawn from a solar cell. The voltage at this point is zero.
Hence the generated power is also zero. When short circuit current is divided by the active
area of the cell, we obtain short circuit current density (Jsc)

2. Open circuit potential (Voc)

It is the highest voltage of a solar cell at a given light intensity. It is also the potential where
current flows through a solar cell is zero.
3. Fill factor (FF)

It describes the quality and idealness of a solar cell. It is the ratio of maximum power
generated to the theoretical power maximum. At both Is. and V.. while one of the parameter
is at its maximum the other will be zero so that the product will be zero and hence power will
be zero (Figure 3). The maximum power obtained from the cell will be at some intermediate
resistance in the cell.

Vmax Imax

FF =
I/OCISC

High series resistance and low shunt resistance causes the FF to go down.

4. Power conversion efficiency (PCE, n)

It is the ratio of electrical power output to the solar power input. The input solar power is the

product of solar irradiance incident on the cell and the active surface area.
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Figure 3. I-V curve under light conditions
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5. Incident photon to current efficiency

The ratio of the current density obtained in the output circuit to the photon flux incident on
the cell active area is termed as the incident photon to current conversion efficiency. It is also
called the external quantum efficiency (EQE) and is also expressed in percentage. The current
produced in the external circuit when monochromatic light falls on the cell is monitored over
the desired wavelength range. The area under the obtained curve would thus give the total
number of charge carriers or the integration of the IPCE curve would give the photocurrent
density. IPCE measures the device’s ability to generate charge carriers at each irradiated
wavelength. IPCE is the product of light harvesting efficiency, injection efficiency,

regeneration efficiency and charge collection efficiency associated with the semiconductor.

1.5 Utilization of Indole fused systems for DSSC

This section deals with literature reports on the application of some of the indole fused
systems like indoloquinoxaline, indolocarbazole, indenoindole, triazatruxene, thienoindole
and tetraindole as donor/z-spacer for the development of sensitizers.

1.5.1 Indoloquinoxaline based sensitizers for DSSCs

Indolo[2,3-b]quinoxaline (1Q), a built-in donor-acceptor chromophore, consists of an
electron-rich indole moiety fused with an electron-deficient quinoxaline unit. The
condensation of isatin with o-phenylenediamine affords these planar heteroarenes.”* By
appropriately functionalizing the indole and quinoxaline motifs with electron-donating or
electron-withdrawing groups, the electronic properties of this chromophore can be custom-
tuned in line with the application. It has been documented that the donating ability of the
indole motif and the donor-acceptor interaction with the quinoxaline unit is enhanced by
functionalizing the indole core with electron-donating groups.?

The first utilization of this scaffold as a building block in DSSC was done by

Venkateswararao et al.®

They constructed dyes 2-6, which are having 1Q as electron donor
and cyanoacrylic acid as anchoring unit (Figure 4). Sensitizers differed in the m-spacer
employed, which were either phenyl or thiophene fragments. Dye 1, which lacks any r-
spacer, delivered least efficiency of 0.86%. Among the remaining sensitizers, 6 showed a red
shifted and distinct ICT band implying more effective conjugation. Two dye baths were used
to fabricate devices, one with DCM and the other with a combination of CH3CN/tert-
butanol/DMSO (3.5/3.5/3, v/v). All the sensitizers exhibited better efficiencies in the latter

case. The change in PCE was mainly caused by significant changes in the photocurrent

8



Chapter 1

generated. Though ICT was more prominent in the case of 6, a relatively higher degree of
planarity might have caused aggregation of dyes leading to decreased light harvesting. Dye 2
with simple thiophene as the n-spacer outperformed other dyes with PCE of 3.45% with Js. of
9.29 mA/cm? and Ve of 579 mV. Other dyes showcased PCE in the order 6>5>3>4. The
introduction of acetylene was not found to be beneficial for transmitting charges in the

current design.

Sl No. Ar PCE (%)
1 NIL 0.86
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Figure 4. Photosensitizers 1-6 based on indolo[2,3-b]quinoxaline core

Later, Qian et al. developed three D-wn-A dyes having indolo[2,3-b]quinoxaline and
cyanoacrylic acid as donor and acceptor groups, respectively.®* The sensitizers 7, 8, and 9
differ in the selection of conjugated spacers, which were oligothiophene, thienylcarbazole,
and furylcarbazole, respectively (Figure 5). The dyes exhibited efficiencies in the order
7>9>8. The maximum efficiency of 7.62% was delivered by 7, mainly contributed by the
significantly larger short circuit current density (Jsc = 16 mA/cm?) of this dye. The electron-
rich, oligothiophene =-bridge makes the absorption spectra of 7 more red-shifted with an
absorption maximum at 480 nm for the ICT band followed by 8 and 9. The IPCE
performance of the devices is following the absorption behaviour of dyes. While 7 shows
broad absorption from 400-770 nm, in the case of 8 and 9, the absorption furnishes onset at
700 and 690 nm, respectively illustrating the trend in the dyes' Jsc and light-harvesting ability.
Though lower current density was delivered by 9, the higher open circuit potential (Vo =742

mV) helped 9 to outperform 8.
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7 PCE: 7.62% 8 PCE: 6.48% 9 PCE: 7.03%

Figure 5. Photosensitizers 7-9 based on indolo[2,3-b]quinoxaline core

Soon after, the authors used the same scaffold to realize D-D-n-A and D-n-A systems.”® In
D-D-n-A design, indologquinoxaline was used as the primary donor and phenothiazine was
used as an auxiliary donor, cyanoacrylic acid as acceptor and thiophene/furan as m-bridge to
afford 12 and 13 respectively (Figure 6). These dyes were then compared with 10 and 11,
which were D-n-A dyes based on indologuinoxaline and phenothiazine, respectively, as
donors. Among the dyes, 12 having D-D-n-A design was found to outperform the rest.
Sensitizer 12 excelled with an efficiency of 8.28% followed by 13 with 7.56%. Compared to
furan, the electron richness of thiophene was aiding good ICT transitions reducing the
HOMO-LUMO gap for 12, which resulted in more red-shifted and enhanced absorption
spectra for 12 compared to that of 13 with furan as w-spacer. The IPCE spectra of dyes show
a similar trend, with 12 giving over 60% IPCE value from 359 to 600 nm with maximum
absorption of 86% at 490 nm. This illustrates the reason for the highest light-harvesting
ability and Js; (15.3 mA/cm?) for 12. The V. values obtained are in order 12>13>11>10.
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10 PCE: 4.10% 11 PCE: 6.82% 12 PCE: 8.28% 13 PCE: 7.56%

Figure 6. Photosensitizers 10-13 based on indolo[2,3-b]quinoxaline and phenothiazine cores
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Later in 2017, the authors utilized indoloquinoxaline as an acceptor in a (D),-A-n-A dye
design in which two triphenylamine groups were used as two branches of the primary donor
unit. The dyes 14-17 differed in the w-bridges (furan and thiophene) and acceptor groups
(cyanoacrylic acid and 2-(1,1-dicyanomethylene)rhodanine or DCRD) (Figure 7). These
dyes exhibited efficiencies in the range of 4.55% to 7.09%. Dyes 14 and 15, which were
having cyanoacrylic acid as the acceptor group outperformed the corresponding dyes having
DCRD as the acceptor unit. Though the absorption spectra of 16 and 17 were much red-
shifted compared to 14 and 15, higher dye loading of the latter resulted in larger Js values.
This is also apparent from the IPCE spectra. Though the spectra of 14 and 15 are blue-shifted
with 30 and 20 nm differences respectively with respect to 17, the increase in Js value
contributed to a better PV performance. Dye 15 could deliver over 60% IPCE value from 400
to 600 nm with a maximum of 83% at 450 nm, resulting in a Js; value of 12.9 mA/cm?. While
comparing the w-spacers, furan substituted sensitizers 15 and 17 were found to deliver better
efficiencies than their thiophene substituted counterparts. While 15 delivered a PCE of 7.09%
with the highest Jsc and V. values, 14 slightly lagged with a power conversion efficiency of
6.05%. DCRD substituted dyes 16 and 17 showcased relatively poor performances with PCE
of 4.55% and 4.81%, respectively.
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Figure 7. Photosensitizers 14-17 with indolo[2,3-b]quinoxaline core
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Later, Su and co-workers introduced sensitizers 18-20 based on new molecular architecture,
D-D|A-n-A (Figure 8).” Here, D]A represents the fused donor-acceptor unit, indolo[2,3-
b]quinoxaline. The effect of additional donors was investigated systematically by introducing
triphenylamine, carbazole and phenothiazine donors to the indole unit. More significant dye
loading in devices based on 18 resulted in effective monolayer formation on TiO, surface,
thereby preventing recombination effectively. This contributed to the highest open-circuit
potential for devices fabricated using 18. When it comes to photocurrent, the hexyl chains
incorporated on the end donors of 19 and 20 helped decrease aggregations, contributing to
improved Js.. Maximum efficiency was delivered by 19 (2.72%), followed by 18 (2.65%) and
20 (2.61%). Later, these new generation D-D/A-n-A organic dyes were used successfully as
co-sensitizers to improve the PCE of conventional Ru dye (21). The device fabricated with 21
alone showed an efficiency of 7.46%. Co-sensitization of 18-20 improved the efficiency in all
three cases with a maximum of 7.94%, when 19 was employed as a co-sensitizer with 21. An
increment in open-circuit potential was observed with the co-sensitization approach, which
could be attributed to the improved surface coverage of TiO,, resulting in retardation of
aggregation and recombination. When it comes to photocurrent, only the device with 19 as
co-sensitizer showed an increment in current density from 19.00 mA/cm? to 19.37 mA/cm?.
More significant dye loading in the remaining cases might have resulted in competitive
absorption at the overlapping regions between the Ru dye and organic co-sensitizer.
(
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Figure 8. Photosensitizers with indolo[2,3-b]quinoxaline moiety and Ru-complex
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Later, Su et. al; introduced a di-branched di-anchoring approach to the previous molecular
architecture to develop D-D|A-(n-A), dyes 22 and 23, which differed in additional donors
between triphenylamine and carbazole, respectively (Figure 9).%2 The performances were also
compared with devices based on 19. The dianchoring approach was found to help form
adequate surface coverage, which is also evident from the higher dye loading present in these
dyes. This could cause an increment in V.. of dianchored dyes compared to 19 due to
minimal recombination. Among the dianchored dyes, 23 with hexyl chain incorporated
carbazole as the secondary donor exhibited highest V.. Dye 19 excelled when photocurrent is
taken into account, which even contributed to higher PCE compared to the rest. The downfall
in light-harvesting efficiency of 22-23 was brought about by the increased dihedral angle and
strain induced by the di-anchoring branches. A more prominent donating ability of carbazole
caused a slightly higher increment in Js; of 23 compared to 22. Co-sensitization of these dyes
with 21 could enhance the efficiency with the highest PCE of 8.67% for 23, followed by 13
(8.16%) and 19 (7.50%). While the considerably improved V.. contributed the increment in
device performance of co-sensitized 22-23, a slight increment in current density for 19 caused

a corresponding increment in PCE.
COOH :‘{COOH
22 PCE: 2.21% 23 PCE: 2.56%

Figure 9. Photosensitizers 22-23 with indolo[2,3-b]quinoxaline moiety

In the subsequent work, the w-spacer in 18-20 was changed to thiophene from benzene, and
the performance of the sensitizers (24-26) was evaluated under full sun illumination (Figure
10).% The dyes exhibited efficiencies in the range 4.92-5.27%, which was higher than
previously reported sensitizers having phenyl as a spacer. Dye 24, having triphenylamine as
donor, displayed the maximum PCE of 5.27% with a V.. of 0.67 V and FF of 70.1 with
improved Ji. of 11.10 mA/cm?. Higher dye loading seems to be responsible for improving FF
and open-circuit potential for the triphenylamine donor dye 24. Though the highest
photocurrent was observed for 26 due to its increased light-harvesting ability, comparatively
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lower values obtained for the rest of the parameters contributed towards inferior PCE of
4.92% for 26. Co-sensitization of 21 with these dyes also resulted in improved V. and FF. In
addition, the competition for light absorption resulted in a considerable reduction of
photocurrent, leading to net poor performance for the co-sensitized device compared to the

individual dyes.

(

%COOH %COOH
\/ \ COOH

@ 24 PCE: 5.27% 25 PCE: 5.10% 26 PCE: 4.92%

Figure 10. Photosensitizers 24-26 with indolo[2,3-b]quinoxaline moiety

It is clear that indoloquinoxaline is a potential scaffold for dye sensitizers in DSSC. The
highest efficiency achieved so far using 1Q based sensitizer is 8.2%, where the 1Q unit and r-
spacer (thiophene) is attached to either end of the auxiliary donor (phenothiazine) with
cyanoacrylic acid as the acceptor unit. In the same architecture itself, optimum tuning of
auxiliary donors and m-spacers along with the alkyl groups could render sensitizers capable of
delivering more than 10% PCE. From the reported sensitizers using 1Q, it is impossible to
generalize suitable m-spacers for the system that could change depending on the donor
attached to it and the 1Q position (indole/quinoxaline end) to which it is attached. Many
studies were not carried out in this direction of anchoring units, opening up further

possibilities towards efficient 1Q-based devices.
1.5.2 Indolocarbazole based sensitizers for DSSCs

Indolocarbazole, especially indolo[3,2-b]carbazole isomer, is a linear pentacene with two N-
atoms with the possibility of introducing alkyl chains of any length requirement either to
improve solubility or to prevent back electron transfer. When compared to carbazole,
indolocarbazole possesses better energetics, improved electron-donating capabilities and
superior absorption profiles. These characteristics find indolocarbazoles a unique position
among various applications involving organic thin-film transistors, organic light-emitting
diodes and photovoltaics.® Indolocarbazoles can be prepared either by Fischer indole
synthesis of 1,4-bis(2-phenylhydrazono)cyclohexane or by Cadogen reaction of appropriate
nitroarenes.*

14
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Indolocarbazole was first used as a donor in DSSC by Zang et al. (Figure 11).* They
synthesized dyes 27 and 28, which differ in the number of thiophene groups incorporated as
the w-linker. While a red shift in the absorption profile was observed for 28 when adsorbed
on TiO,, higher electron injection efficiency was obtained for 27 sensitized devices. The
trade-off between the two factors renders 28 with slightly higher Jsc compared to that of 27.
The difference in efficiencies of the two dyes was also brought about by the fill factor. While
27 possess FF of 0.67, the larger molecular size of 28 resulted in a FF of 0.62. This resulted
in a higher PCE of 7.3% for 27 and 6.7% for 28.

!
CaHa7 27 PCE: 7.3%

Figure 11. Photosensitizers 27-28 with indolocarbazole moiety

Cai et al. designed four dyes based on 5,7-dihexyl-6,12-diphenyl-5,7-dihydroindolo[2,3-
b]carbazole (DDC) with benzothiadiazole (or thiophene) and thieno[3,2-b]thiophene (TT) (or
thiophene) as n-spacer and 2-cyanoacrylic acid as acceptor (Figure 12).** Along with the
high electron-donating ability, the fused carbazole systems also contribute towards improved
n-conjugation, which will be advantageous in promoting the ICT and the photostability of the
system. The two phenyl rings integrated on the donor DDC unit, and the alkyl groups on the
nitrogen atom effectively reduced the aggregation and improved lifetime for devices
fabricated with these dyes. The devices were also subjected to comparison with carbazole
based D-m-A sensitizer 33. The molar extinction coefficients of both ICT and =- = transition
bands display significant enhancement in 29-32 compared to 33 indicating the improved
light-harvesting ability of the new fused conjugated donor. Except for 31, the Js; value for all
other dyes was higher than 33. This is apparent from the IPCE spectra, where the
performance follows the order 32>29>30>33>31, which is consistent with the dye loading
present in the fabricated devices. Though the V. value of 32 (674 mV) was not very high
compared to 31 (768 mV), 32 exhibited the highest efficiency of 6.4% among these
sensitizers with a Js. of 13.96 mA/cm? and FF of 0.68. The photo-stability evaluation of the

dyes by adopting the methods of Katoh and co-workers revealed that the new donor is
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effective in stabilizing the cation formed after irradiation of light compared to the carbazole
based dye. The benzothiadiazole containing dyes possess more stability which is consistent
with the previous reports.®* The results also paved the way to the observation that TT was
also beneficial in contributing towards photo-stability. Compound 32, having both BTD and
TT as m-spacer, exhibited maximum photo-stability, while 29 was least stable among the

indolocarbazole based dyes. All the dyes were also found to be thermally stable.
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Figure 12. Photosensitizers with indolo[2,3-b]carbazole (29-32) and carbazole (33) units

The same group further attempted to introduce a bridge with extended conjugation to widen
the absorption spectra of the indolocarbazole dyes (Figure 13).>> Among the dyes, 36, which
contains benzothiadiazole as auxiliary acceptor along with alkylated thiophenes flanked on
both sides, showed maximum red-shifted spectra followed by 35 having alkyl-substituted
benzothiadiazole as auxiliary acceptor and 34 with simple D-n-A architecture having ter-
thiophene as a spacer with a difference of 78 and 50 nm respectively compared to 36. The
device efficiency was tested under two conditions. In one case, the TiO, films were made of 3
um thickness with 13 nm sized nanoparticles (TSP) and scattering layer of 4 um thickness,
and in the second case, the TiO;, films were made of 3 um thickness with 13 nm sized
nanoparticles (TSP) and scattering layer of 8 um thickness. Though higher dye loading is
possible in the second case, a thick scattering layer can cause chances of recombination. This
resulted in a trend of increase in current density and decrease in V, for all the dyes fabricated
with 8 um scattering layer when compared to those of 3 um thickness. A trade-off between

these two factors leads to higher PCE with a thicker scattering layer for all the dyes. In the
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first condition, the highest IPCE value was obtained for 36 with an absorption maximum of
81.2% at 460 nm followed by 35 (77.2% at 500 nm) and 34 (69.9% at 520 nm). A more
comprehensive absorption profile for 36 contributed towards the highest Js; value of 14.91
mA/cm?. The least Ji. value of 10.40 mA/cm? was obtained for 34 due to the narrow IPCE
spectra resulting from a lower absorption profile. When devices were fabricated using 8 um
scattering layer, dye 35 showed improved IPCE profile and J; value, while dye 36 resulted in
lower molar extinction coefficients, low dye loading amount, and low electron injection
yield. The trend in V. was the same in both the conditions with the least value delivered by
36. While 35 excelled with the highest PCE of 7.49%, 34 delivered a lower photovoltaic
performance of 6.01%. The stability studies reinforced the observation that BTD units are

capable of increasing the photo-stability of dyes.

Figure 13. Photosensitizers 34-36 with indolo[2,3-b]carbazole moiety. *TiO, films were
made of with 4 um thick scattering layer. "TiO, films were made with 8 um thick scattering
layer. In both cases, the active layer was made of 3 um thick 13 nm particles

Later in 2016, Qian et al. investigated the same donor groups in a new photosensitizer design.
They synthesized four dyes utilizing modified donor units (Figure 14) consisting of
indolo[3,2-b]carbazole as the primary donor and groups such as ethylbenzene, N,N-
diethylaniline, ethyloxybenzene, and octyloxybenzene graphted to indolo[3,2-b]carbazole as
secondary donor groups, thiophene as the m-conjugated linker, and 2-cyanoacylic acid unit as
the electron acceptor/anchoring group.®® The secondary donor groups assist in improving the
donating strength of the system, but it was also highly beneficial in reducing the aggregation
and recombination. Thus the nonplanar secondary groups could enhance the photovoltage of
the device. The IPCE performance of the dyes parallels with the electron-donating ability of
the secondary donor. The most robust donor, N,N-diethylaniline attached dye 38 displayed a
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broad IPCE response and highest Ji. of 15.2 mA/cm? followed by 40, 39 and 37. The
efficiency of the devices also follows the same trend, with 30 having the highest PCE of

8.09%, and the most deficient performance was showcased by 37 with 6.25%.

C2H5\N/CZH5
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37 PCE: 6.25% 38 PCE: 8.09% 39 PCE: 6.98% 40 PCE: 7.58%

Figure 14. Photosensitizers 37-40 with indolo[2,3-b]carbazole moiety

Later, Xiao et al. also employed 6,12-diphenylindolo[3,2-b]carbazole as auxiliary donors in
D-D-n-A dyes.®” The sensitizers 41, 42 and 43 differ in the donor groups: triphenylamine,
trimethoxyphenyl and trimethoxybromine, respectively (Figure 15). Unlike the previous
work, the additional donor and m-spacers were appended to the end of phenylene groups
attached to the indolo[3,2-b]carbazole moiety. The ICT absorption bands of these compounds
were not showing much difference compared to the =n- n transition, which can be attributed
to the interrupted charge transfer in the molecules resulting from the non-planar conformation
of the attached phenyl groups. The absorption behaviour of the compounds was consistent
with the electron-donating ability of the secondary donor. The triphenylamine donor in 41,
which has a higher electron-donating ability, contributed to the broader absorption and higher
molar extinction coefficient for 41, followed by 42 and 43. Though these dyes could deliver
reasonably good V. (0.61-0.75 V) and FF (0.69-0.74) using I'/13" electrolyte, a relatively low
value of Jg resulted in moderate PCE (1.65-3.11%). Dye 41 yielded the highest efficiency of
3.11% followed by 42 and 43.

41 PCE: 3.11% 42 PCE: 2.83% 43 PCE: 1.65%

Figure 15. Photosensitizers 41-43 with indolo[2,3-b]carbazole moiety
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Further investigations by the same group to increase the photoconversion efficiency of 41
resulted in the synthesis of 44 and 45 where triphenylamine donor was attached to indolo[3,2-
b]carbazole via nin™ and eigh™ positions, respectively (Figure 16).%® Co-planarity and -
electron delocalization were found to improve, which is apparent from the absorption profile
of the new dyes 44 and 45. Dye 45, where the phenylene/thiophene rings were connected
onto the para positions of N-atom, showed more red-shifted absorption with an absorption
maximum at 500 nm whereas, absorption of 44 was blue-shifted by 38 nm. While 44 showed
improvement in PCE when it was used in conjunction with CDCA (10 mM), 45 responded in
a reverse manner. This can be accounted for by the molecular orientation of the dyes when
adsorbed on TiO,. Dye 44 adopted a perpendicular orientation to the substrate plane.
Somewhat hindered conformation of 45 resulted in more inclination of the dye towards the
TiO, surface. This resulted in fewer aggregations and recombinations, making 45 capable of
delivering more photocurrent even with a lower dye loading of 3.64x10~" molcm 2 compared
to 4.54x10" molcm™ for 44 and without co-adsorbent CDCA. Photosensitizer 45
outperformed 44 with a Js. of 12.85 mA/cm?, Vo of 0.72 V, FF of 0.69 and PCE of 6.34%.

The co-sensitization of 44/45 further improved the performance to 7.03%.

44 PCE: 5.12% 45 PCE: 6.34%

Figure 16. Photosensitizers 44-45 with indolo[2,3-b]carbazole moiety

Indolo[2,3-b]carbazoles were rarely explored for optoelectronic applications due to a lack of
efficient synthetic strategies. Su et al. could establish new strategies for synthesising
indolo[2,3-b]carbazoles and their utilization to construct DSSC sensitizers with a PCE of up
t0 6.02%.% The curved molecular conformation of indolo[2,3-b]carbazole dye synthesized by
Su et al. (46), along with its rigid and planar nature, offer the possibility to be explored as a
di-anchor dye. The sensitizer 46 adopt A-mn-D-mn-A architecture in which bithiophene is
introduced as the =-bridge between the electron-rich indolo[2,3-b]carbazole core and
cyanoacrylic acid acceptor unit (Figure 17). FTIR analysis of the pristine 46 and the
compound loaded TiO, film reveals the involvement of both the carboxylic group in
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anchoring the dye on the TiO, surface. This is further confirmed by the Deacon Philips rule,
where a frequency difference of 224 cm® suggests a bidentate binding mode for 46. An
efficient electron transfer from HOMO of 46/(Ti0,)7 (Indolo[2,3-b]carbazole) to the LUMO

of 46/(Ti105)7o (TiO2 nano cluster) was illustrated using computational analysis.

HOZC COZ- NH4+

46 PCE: 6.02%, R= ethylhexyl)

Figure 17. Molecular structure of photosensitizer 46

Indolo[2,3-a]carbazole was first introduced in DSSC by Zhang et. al.“*Taking this new
system as a donor and cyanoacrylic acid as an acceptor, they studied the effect of conjugate
mode of m-spacers such as thienyl-thieno[2,3-b]thiophene and terthiophene in photovoltaic
performance (Figure 18). To control dye aggregation and prevent recombination, alkyl-
substituted terthiophene was employed as m-spacers to construct 49. Sensitizers 47 and 49
outperformed 48 in Js. and V. 48 gave an efficiency of 5.28%. The spatial effect of hexyl
groups on the m-backbone of 49 resulted in the highest efficiency of 5.98% and the highest
photocurrent and photovoltage, followed by 47 with 5.78% PCE.
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Figure 18. Photosensitizers 47-49 with indolo[2,3-a]carbazole moiety
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Indolo[3,2,1-jk]carbazole is another positional isomer of indolocarbazole where indole is
fused with the carbazole moiety in a slightly strained manner. The system was found to be
thermostable and showcase strong electron-donating ability, which resulted in its application
as charge transport materials and conducting film materials. Luo et. al. utilized this core for
developing a sensitizer for DSSC by integrating it as a donor in a D-n-A architecture (Figure
19).** They developed four devices based on the dyes 50-53, which exhibited PCE in the
range 1.59-3.68%. Among the dyes, 51 outperformed others with a PCE of 3.68% . With its
lower stabilization energy, Thiophene enabled the system to have more delocalization and
efficient light-harvesting ability. This can be accounted for by the enhanced photocurrent in
dyes 51 and 53 using thiophene as the =-linker. Low spectral coverage leads to decreased
performance in 50 and 52. Even an attempt to increase the =-bridge conjugation by
introducing the phenyl group in 52 was not found to be an effective strategy to increase the
PCE.

50 PCE: 2.56% 51 PCE: 3.68% 52 PCE: 1.59% 53 PCE: 2.55%

Figure 19. Photosensitizers 50-53 with indolo[3,2,1-jk]carbazole moiety

Further attempts were carried out to investigate the effect of n-linkers on the performance of
indolo[3,2,1-jk]carbazole based dyes by Cao et al. (Figure 20).** Dyes 54 and 55 incorporate
bisthiophene and unsubstituted bisthiophene, respectively as n-linkers. The slightly twisted
conformation of 55 resulted in lower dye loading on TiO, than 54, resulting in a slight
increment in Js. value for 54, the reverse trend of what was observed for V... The significant
improvement in Ji. of 54 based device, when adsorbed with CDCA, illustrates the
aggregation tendency of these sensitizers on TiO, While 54 based devices delivered PCE of
4.68% in the presence of 10 mM CDCA, dye 55 could yield 4.66% with 1 mM CDCA .
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Ce

CO,H His NG CO,H

54 PCE: 4.68% 55 PCE: 4.66%

Figure 20. Photosensitizers 54-55 with indolo[3,2,1-jk]carbazole moiety

Among different isomers of indolocarbazole, indolo[3,2-b]carbazole is the most explored
isomer for DSSC applications. The comparison of efficiency versus structure reveals that to
improve the device's performance, systematic investigation of the position of attachment of
n-spacer and the additional donor on indolo[3,2-b]carbazole is also needed, along with the
integration of suitable donor and spacer groups. From the reported data so far, the substitution
of donor and spacer unit at the second and eighth position of indolo[3,2-b]carbazole is more
effective than substitution ninth and third. When the donor group was changed to DDC, the
additional phenyl groups integrated at sixth and twelfth were found to prevent recombination
while preserving the donating ability and the backbone's planarity. However, attempts to
increase the light-harvesting by allowing modifications at these phenyl groups could not lead
to as expected due to the non-planar confirmation of the phenyl groups as seen in the case of
dyes 41 and 42.

1.5.3 Triazatruxene based sensitizers for DSSCs

Triazatruxene (TAT) is an expanded m—conjugated system with good electron-donating
capacity, consisting of three indole units combined using one benzene ring. Due to its
favourable features such as electron richness and rigid m-extended structure, it has found
application in various optoelectronic fields like organic field-effect transistors (OFETS),
organic light-emitting diodes (OLEDSs), two-photon absorption (TPA) materials, non-liner
optics and liquid crystal displays*® The most widely used method for the synthesis of TAT is

by the reaction between indole and indolone in the presence of bromine and POCl3.*

The first attempt to use TAT as a donor in DSSC was reported by Qian et al.* They
succeeded in developing three D-n-A dyes (56, 57, 58) with variable n-spacers achieving
more than 5% efficiency. These dyes were made using TAT as the donor and cyanoacrylic

acid as the acceptor/anchoring group (Figure 21). The system's efficiency was studied by
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changing the m-spacers (thiophene 56, furan 57 and benzene 58). Though high open-circuit
voltage was found in dye 58, with a reduced current density, devices fabricated with 58 only
realized a low PCE of 5.11%. The highest efficiency of 6.1% was contributed by the device
fabricated using dye 56. The higher PCE resulted from higher current density showcased by
56, which was also evident from the IPCE response. Better electron delocalization and
superior electron-donating capabilities render the TAT system improved light-harvesting

behaviour to be used as an efficient sensitizer in DSSC.

HOOC HOOC HOOC
56 PCE: 6.10% 57 PCE: 5.50% 58 PCE: 5.11%

Figure 21. Photosensitizers 56-58 with triazatruxene moiety as a donor

As an extension of the previous experiments, the effect of rhodanine-3-acetic acid as an
electron-withdrawing/acceptor group was studied by the same group (Figure 22).*® Though
much broader absorption was obtained for dyes with rhodanine-3-acetic acid, the
performance of these dyes was inferior to the dyes being synthesized using cyanoacrylic acid
as the electron-withdrawing group. This is attributed to the interruption of electron transfer
from the dyes to the semiconductor by the broken (NCH,COOH) conjugation in rhodanine-3-
acetic acid. Instead of displaying broader absorption spectra with higher &, devices fabricated
using 59 showed lower current density. The trend can be rationalized from the LUMO energy
level of the dyes, which are in the order of 60 (-1.16 V) >59 (-1.02 V), indicating more
effective electron injection from 60 to the semiconductor. Thus 60 could yield a higher PCE
of 3.60% with a short-circuit photocurrent density of 8.33 mA/cm? an open-circuit
photovoltage of 617 mV, and a fill factor of 0.70.
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59 PCE: 2.47% 60 PCE: 3.60%

Figure 22. Photosensitizers 59-60 with triazatruxene moiety as a donor

Triazatruxene was incorporated as a donor in D-A-n-A based sensitizers by Pan and co-
workers in 2018 (Figure 23).* These sensitizers employed benzothiadiazole as auxiliary
acceptor, and they introduced variation in acceptors (carboxylic acid and cyanoacrylic acid),
and the connectivity between the donor and auxiliary acceptor was modified using single
bond and ethynyl linkages. The introduction of ethynyl linker and cyanoacrylic acid were
found to increase the conjugation of the dye molecules. Dyes 62 and 64 having cyanoacrylic
acid as the acceptor group showed better light-harvesting capability with broader absorption
and higher IPCE value. These observations also reflected in the Js. value of the corresponding
sensitizers. Another critical parameter that determines the efficiency of the system is the V.
Dyes 61 and 63 with single carboxylic acid acceptor exhibited higher photovoltage compared
to the rest. Among the two sets of D-A-n-A sensitizers having triazatruxene donor (single
bonded and ethynyl bridged), dyes 61 and 64 showed maximum efficiencies of 7.51% and
7.26%, respectively, which indicates that a delicate balance between Js. and V. are essential

to obtain higher power conversion efficiencies.

64 PCE: 7.26%

Figure 23. Photosensitizers 61-64 with triazatruxene moiety as a donor
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Qian and co-workers used triazatruxene as a secondary donor to construct porphyrin-based
sensitizers (Figure 24).*® Triazatruxene was attached directly to the meso-position of the
porphyrin ring, and two variants were synthesized by changing the acceptor groups
(carboxylic acid and cyanoacrylic acid). When cyanoacrylic acid was employed as an
acceptor group, improvement was found in the dye's light-harvesting ability, which is evident
from the broader and enhanced IPCE spectra resulting in a higher Js value dye. The V, value
also follows the same trend, which resulted in a maximum PCE of 6.05% for 66. The
efficiencies of both dyes were found to improve when co-adsorbent chenodeoxycholic acid
(CDCA) was used, which implies the possibility of intermolecular aggregation of the dyes on

the TiO, surface.

65 PCE: 5.55% 66 PCE: 6.65%

Figure 24. Photosensitizers 65-66 with triazatruxene moiety as secondary donor and
porphyrin ring as primary chromophore

Qin et. al also incorporated TAT to the meso-position of the porphyrin chromophore to
obtain 67 (Figure 25).* Dye 67, which was used in ssDSSC, spiro-MeOTAD being the HTM

showcased an efficiency of 5.2 % in the presence of co-adsorbent CDCA.

R=ethylhexyl
67 PCE: 5.1%

Figure 25. Photosensitizer 67 with triazatruxene moiety as a secondary donor and porphyrin
ring as primary chromophore
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The most efficient DSSC’s based on TAT molecules were reported by Zhang and co-
workers.®® They systematically modified the D-n-A backbone and developed two dyes
employing TAT as donor, 4,7-Bis(4-hexylthiophen-2-yl)benzo[c] [1,2,5] thiadiazole (BTBT)
as n-bridge and 4-ethynyl benzoic acid (EBA) as acceptor, which differs in the linkage
between the donor and n-bridge (Figure 26). The study aimed to evaluate the effect of the
rigid single bond and flexible z-type double bond on various parameters that determine the
efficiency of the device. The optimized devices based on 68 and 69 achieved PCEs of 13.6%
and 12.8%, respectively, using cobalt-based redox electrolyte ([Co(bpy)s]*?*®). Though the
double bond was found to widen and enhance the absorption of the molecules, the Js value
for 68 was found to be higher than 69, which resulted from the more significant dye loading
observed for the former. Devices fabricated using 68 also showcased better open-circuit
potential (956 mV) than 69 (887 mV). The efficient electron injection in 68, evident from the
femtosecond transient absorption and up-conversion fluorescence studies, reinforces the
observation mentioned earlier. Dye 68 and 69 were also applied to ssDSSC using spiro-
OmeTAD as the hole transporting material (HTM).>! Longer electron lifetime and high
regeneration efficiency caused 68 to outperform 69 with a PCE of 6.6%. Dye 69 exhibited a
PCE of 5.4% .

Figure 26. Photosensitizers 68-70 with triazatruxene moiety as a donor

In order to probe the effect of rigid 4-ethynylbenzoic acid acceptor group in 68, dye 70 was
synthesized by the same group (Figure 26) with Z-type cyanoacrylic acid and fabricated

+2/+3)

devices using cobalt-based redox electrolyte ([Co(bpy)s] 2 Higher dye loading, better

light-harvesting ability and improved electron injection efficiency made 68 deliver the
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highest efficiency of 13.4%, while there was a drastic drop in PCE for 70, which could only
afford a PCE of 7.2%. This again clearly illustrates that rigid structures are pertinent when it
comes to designing sensitizers that will be beneficial to reduce energy loss during electron
injection, leading to improved current density and photovoltage. Fine-tuning of the molecular

backbone without compromising the energetics is highly required to realize higher PCE.

Later, Li et al. tried to improve the efficiency of 68 by developing two modified dyes 71 and
72 using TAT donor (Figure 27).>* While benzothiadiazole (BT) functions as the auxiliary
acceptor in 71, and BT was replaced with difluorobenzo[c][1,2,5]thiadiazole (DFBT) in 72.
The attempt to introduce fluorine on BT was justified by lowering the LUMO level of the
molecule by the electron-withdrawing (inductive) effect of fluorine. The electron-donating
mesomeric effect was found to dominate the former. This renders 72 with a large band gap
and blue-shifted absorption spectrum compared to that of 71. The higher dye loading in 71
(1.4 times) and wider absorption band compensated the reduction in molar extinction
coefficient, resulting in a higher Js. of 15.1 mA/cm?. This ended up in maximum efficiency of

10.2% for 71 and a lower efficiency of 8.6% for 72 using cobalt-based redox electrolyte
([Co(bpy)s] #*).

71, R=H PCE: 10.2%
72, R = F PCE: 8.6%

Figure 27. Photosensitizers 71-72 with triazatruxene moiety as a donor

Yao et al. found that introducing bulky groups on TAT successfully hindered dye
aggregation and recombination (Figure 28).>* They synthesized two modified TAT sensitizers
(73 and 74) having a more conjugated TAT donor unit. Their attempt resulted in a larger Vq
for 73 (926 mV) and 74 (911 mV). Higher dye loading in 73 compared to 74 allowed
adequate coverage of semiconductor surface, abating the chances of dark current formation
(recombination), leading to higher Vo, DFT studies also revealed more planar conformation
for 74 than 73, which confirms the slightly red-shifted absorption profile of 74. It was also
observed that there was an upshift in HOMO level for 74, which affected the regeneration
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rate of dye adversely. Poor regeneration and lower dye loading resulted in lower current
density and V. for 74 compared to 73. Thus, PCE of 11.7% and 10.6% were obtained for 73
and 74, respectively.

73 PCE: 11.7% 74 PCE: 106% R,

Figure 28. Photosensitizers 73-74 with triazatruxene moiety as a donor

Triazatruxene was incorporated as a donor in D-n-A dyes and studies were done to evaluate
the effect of different n-spacers and anchoring groups. When it comes to the anchoring group,
cyanoacrylic acid has proved to outperform other acceptor units (Rhodanine-3-acetic acid,
carboxylic acid) in terms of light-harvesting and electron injection capability, which is
consistent with the many reports available. Though devices based on thiophene bridged dye
56 could showcase higher PCE than those of phenyl substituted dye 58, this trend reverses
when the anchoring group was changed to rhodanine-3-acetic acid. Devices fabricated with
phenyl bridged dye 60 delivered higher PCE with higher Js; and V.. compared to those of 59
with thiophene spacer. This implies that selecting a suitable m-spacer depends on the other
components of the molecular architecture. Introduction of auxiliary acceptor improved the
photovoltaic parameters, and the highest efficiency achieved so far using metal-free dyes is
from devices based on 68 (13.6%) where BTBT was used as the n-bridge. The takeaway
from the consecutive studies performed by Zang and co-workers is that molecular
engineering has to be done in such a way as to reduce energy loss during electronic

transitions, which could, in turn, lead to efficient PCE.

1.5.4 Indeno[1,2-b]indole based sensitizers for DSSCs

Indeno[1,2-b]indole consists of an indole unit fused with an indene moiety, making it planar
and electron-rich with efficient electron delocalization. In addition to the alkylation of the N-
atom in the tetracene, the indene unit also offers the flexibility to be alkylated. This
possibility has a positive effect on the photovoltaic performance as the presence of multiple

alkyl groups increases the solubility of indeno[1,2-b]indole based dyes and prevents its
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aggregation. At the same time, the presence of alkyl groups is also effective in blocking the
approach of the oxidized species coming close to the semiconductor and thereby improving
lifetime. The well-established synthetic route towards preparing this tetracene is by the Fisher
indole synthesis involving indanone and phenyl hydrazine.>

The first report on the use of indeno[1,2-b]indole as a donor in DSSC came in 2016 by Qian

et al.>®

They designed four dyes (Figure 29) based on D-n-A design, and the basic skeleton
employs indeno[1,2-b]indole as a donor and cyanoacrylic acid as the acceptor. Tuning of
device performance was carried out by changing the = bridges (furan and thiophene) and
introducing alkyl groups (ethyl and hexyl) on the indene ring. The attached alkyl groups were
at a particular angle with the molecular plane, which was beneficial in reducing aggregation
of dyes and thereby increasing the PCE. All four dyes exhibited good power conversion
efficiency in the range 6.52-7.64%. Among these dyes, the sensitizer 76, featuring furan as
the n-spacer and ethyl groups as the alkyl chain, contributed the highest PCE of 7.64% with a

Jsc Of 15.8 mA/cm? and a V. of 763 mV.
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Figure 29. Photosensitizers 75-78 with indeno[1,2-b]indole moiety as a donor.

Qian and co-workers later designed three more dyes with indeno[1,2-b]indole as the donor to
investigate the role of different acceptor groups on the photovoltaic performance of devices.*’
The synthesized D—n—A dyes had indeno[1,2-b]indole as donor and benzene as the 7zbridge.
The dyes differed in the acceptor groups incorporated, which were cyanoacrylic acid,
rhodanine-3-acetic acid and 2-(1,1-dicyanomethylene)rhodanine (DCRD) respectively (79,
80 and 81) (Figure 30). The results revealed better PCE for devices fabricated using dye
having cyanoacrylic acid as the acceptor over the other two groups. Though dye 79 showed
blue-shifted absorption, it contributed towards the highest efficiency of 6.29% with better Jsc
and V,. compared to other dyes. To assess the effect of different n-spacer on the DCRD
acceptor, dye 82 was synthesized with thiophene as the =-bridge. The introduction of
thiophene increased the efficiency of 81 from 3.60% to 5.41%, illustrating the importance of
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tuning the m-spacer of the sensitizer while changing the acceptor functionality in a way to
achieve higher PCE.
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Figure 30. Photosensitizers 79-82 with indeno[1,2-b]indole moiety as a donor and variable
acceptor groups

Yan et al. later designed and synthesized indeno[1,2-b]indole based D-w-A dyes with
extended conjugation of w-spacer by introducing ethynyl group and variation of w-spacer and
auxiliary acceptor. To this end, they constructed D-n-A dyes, which employs indeno[1,2-
blindole as the donor and cyanoacrylic acid as the acceptor group (Figure 31).° The dyes 83
and 84 vary in the m-bridge between benzene and thiophene, respectively. They also
incorporated the ethynyl group as the linker between the donor and w-spacer to decrease the
repulsion and increase the conjugation of the dye molecules. A third dye, 85 with
benzothiadiazole as the auxiliary acceptor, was developed to compare with the previous set
realizing D-n-A architecture. The dye with an auxiliary acceptor (85) was found to deliver
the highest efficiency with the highest Js. and V,.. Among the D-n-A dyes, thiophene
substituted dye 84 showed the highest efficiency with significantly improved current density,
though Vo was highest for the benzene substituted dye 83. Co-sensitization of 84 and 85
outperformed all other dyes delivering an efficiency of 8.37%. This is attributed to the

increment in the Js. value of the device.
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Figure 31 Photosensitizers 83-85 with indeno[1,2-b]indole moiety as a donor
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Dai and co-workers first synthesized indeno[1,2-b]indole-spirofluorene (I1SF) and used it as a
donor unit in DSSC dyes. This molecular engineering was carried out to combine the
electron-donating ability of the indenoindole with the steric effect of the spirofluorene.®
They were successful in developing two dyes, 86 and 87, with IISF as the donor,
dithieno[3',2'-b:2'3'-d]pyrrole (DTP) as =-bridge and cyanoacrylic acid as acceptor (Figure
32). The dye 87 also employs 2,1,3-benzothiadiazole (BTD) as an auxiliary acceptor. Both 86
and 87 delivered efficiencies above 8%, which was further enhanced with the combined

effect of co-adsorption with CDCA and co-sensitization with 88. The highest efficiency of

9.56% was obtained from the co-sensitization of 86 with 88 in the presence of co-adsorbent,
CDCA.

COOH
86 PCE: 8.45% 87 PCE: 8.51% PCE: 9.56%

Figure 32. Photosensitizers 86-87 with indeno[1,2-b]indole-spirofluorene moiety as a donor

Later the same group synthesized two sets of dyes based on IISF to study the effect of
position of attachment of n-spacer to 1ISF (indole/indene end) and the effect of the additional
donors (Figure 33).%° The D-n-A dyes 89 and 91 consists of 1ISF as the donor, thiophene as
n-spacer and cyanoacrylic acid as acceptor. While thiophene is attached to the indene ring in
89, dye 91 is having m-spacer attached to the indole end. Additional donor group
(hexyloxydiphenylamine) was attached to 89 to obtain 90, and dye 92 as the latter's
regioisomer. Dyes with additional donors exhibited bathochromic as well as intensified
spectra compared to D-n-A dyes. Among the two regioisomers, the one with m-spacer
attached to the indole end of IISF is seen to facilitate more ICT transition. The IPCE spectra
of 90 and 92 showed wider but downshifted absorption behaviour than 89 and 91. A higher
adsorption angle of 89 (41.83%) and 91 (42.33°) helped them to achieve higher dye loading of
115.83 and 118.14 nmol/cm® respectively. The bulkier donor group in 90 and 92 caused

decreased dye loading compared to their D-n-A counterpart, but 92 managed to obtain 77%
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dye loading of 91 due to its larger adsorption angle (49.5°). Though dye loading was lower
for 92 (90.97 nmol/cm?) than 89 and 91, the broader absorption could compensate it for
having the highest Js. (13.52 mA/cm?). While 89 and 91 exhibited comparable Js; of 11.59
and 12.43 mA/cm? respectively, 90 delivered the least Js. value of 6.84 mA/cm?. Apart from
the lower dye loading, the weak driving force for degeneration also caused the downfall in
current density for 90. This was again illustrated by changing alternate electrolytes for device
fabrication which are having lower oxidation potential than [Co(phen)s]*"**(0.56 V for
Co(bpy)s]*"** and 0.43 V for [Co(dmbpy)s]****). The current density of 90 increased in the
order [Co(dmbpy)s]*"**> [Co(bpy)s]*"®> [Co(phen)s]*”**. While the bulky hexyloxy
diphenyl helped 92 alleviate recombination and achieve higher Voc, the same group
adversely affected the Vo in 90 by breaking the compact layer formed by dye 89. A trade-off
between Jsc and Vo in 89 and 91 lead to comparable efficiencies for them. While 92
showcased the highest PCE of 7.40%, dye 90 delivered the lowest PCE of 6.84%. Co-
sensitization of 92 was carried out with 89/91. In both cases, increment in current density was
observed, 91/92 being the combination with the highest PCE (8.32%)

89 PCE: 6.43% H 91 PCE: 6.69%

CeHq30 OCH
90 PCE: 3.31% 63 \©\ /©/ o 92 PCE: 7.40%
N
H

Figure 33. Photosensitizers 89-92 with indeno[1,2-b]indole-spirofluorene moiety as a donor.

On comparing the sensitizers 77, 78 and 79 having the same dye skeleton and differing only
in their mt-spacer, sensitizer 77 having thiophene as the w-spacer outperformed the rest of the
dyes with higher current density. Though sensitizer 79 was having higher V,, the least PCE
was delivered due to lower current density. A triple bond was introduced between the
indenoindole unit and n-spacer in 77 and 79 to furnish 84 and 83. Though the motive was to

increase the conjugation and PCE of the devices, it was found to showcase low PCE
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compared to its predecessor. Though the new structure could bring about an increment in Vi,

current density followed the reverse trend.
1.5.5 Thieno[3,2-b]indole (T1) and thieno[2,3-b]indole based sensitizers for DSSCs

In thieno[3,2-b]indole (TI), an electron-rich system like thiophene is fused to the five-
membered ring of the indole moiety at the 2-3 positions. It has been proved that thieno[3,2-
blindole is a better donor than both indole and carbazole units. The introduction of
thieno[3,2-b]indole as a component in the dye design would certainly improve photovoltaic
performance due to the co-planarity and strong electron-donating ability of these
heteroacenes. Thieno[3,2-b]indole moiety can be easily synthesized using Cadogen reaction

of suitable functionalized 2-(2-nitrophenyl)thiophene.®

The first report of thieno[3,2-b]indole based DSSC was reported by Zang et al. in 2010.%
They synthesized three dyes (93, 94 and 95) employing 4-ethyl-4H-thieno[3,2-b]indole
moiety as an electron donor, n-hexyl substituted oligothiophene units as a z-spacer and
cyanoacrylic acid as an electron acceptor/anchoring group (Figure 34). A comparison was
also made with dyes having N-ethyl carbazole, which consists of the same dye skeleton.®®
The electron lifetime measurement values obtained for T1 based devices are lower than their
parent D-rt-A carbazole dyes, leading to lower V, for these devices, having the least value of
660 mV for 95 based device. According to the DFT calculations, the dihedral angle between
the thienyl group and the donor part is found to be less for TI based sensitizers in comparison
to that of carbazole dyes. This increase in planarity and better electron-donating capabilities
reflected on the broader absorption spectra and higher ¢ values displayed by dyes employing
thieno[3,2-b]indole as the donor unit. This resulted in an increment in current density, which
was in line with the increment in the number of thiophene groups in the n-backbone. Among
the T1 dyes, 94 exhibited a higher PCE of 7.8%, and the minor performance was delivered by
95 (7.3%). An increase in the number of thiophene moieties resulted in higher HOMO levels
for 95. Though this tendency could produce low bandgap sensitizers with better light-
harvesting, a decrease in driving force for dye regeneration and the chances of recombination
of injected electrons with the oxidized dyes may be responsible for decelerating the

performance of 95.
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93, n=2 PCE: 7.4%
94, n=3 PCE: 7.8%
) 95, n=4 PCE: 7.3%

Figure 34. Photosensitizers 93-95 with thieno[3,2-b]indole moiety as a donor

The role of thieno[3,2-b]indole (TI) as a w-spacer was demonstrated successfully by Kim and
co-workers.** In their initial work, they designed and synthesized D-A-r-A sensitizers using
Tl (97, 98) as m-spacer and a comparative investigation were made between dyes with
thieno[3,2-b]benzothiophene (TAB) as m-spacer (96) (Figure 35). The more electron-
donating nature of TI could induce effective charge transfer in 97 and 98 with resultant wider
absorption behaviour and e-values compared to those of 96. These molecules also exhibited
effective electron injection efficiency, with 98 being the best performer with improved light-
harvesting ability. The IPCE performance of the dyes parallels these observation leading to
the highest Js for 98 (19.39 mA/cm?) followed by 97 (18.35 mA/cm?) and 96 (16.84
mA/cm?). The hexyl chain was found to minimize the dye aggregations effectively in 98 with
lesser recombination, which resulted in a higher V. (825 mV) for the same. The trends
described above in device parameters ended in highest PCE for 98 (11.84%) followed by 97
(11.04%) and 96 (9.83%) using CDCA co-adsorbent and cobalt electrolyte ([Co(bpy)s] */**).
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Figure 35. Photosensitizers with thieno[3,2-b]indole moiety (97, 98) and thieno[3,2-b]
benzothiophene (96) as n-spacer
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Later the same group synthesized 99-102. The objective was to reduce the aggregation-
induced recombination occurring in devices fabricated with 98. The donor group in 98 was
substituted with fluorenyl derivatives with the other building blocks remains unchanged using
D-A-n-A architecture with BTD as auxiliary acceptor and cyanoacrylic acid as
acceptor/anchoring group (Figure 36).° The synthesized dyes 99-102 employs bis(9,9-
dimethyl-9H-fluoren-2-yl)amino (FA),[20] bis(6,7-bis(hexyloxy)-9,9-dimethyl-9H-fluoren-2-
yl)amino (HFA), bis(6,7-bis(decyloxy)-9,9-dimethyl-9H-fluoren-2-yl)amino (DFA), and
bis(7-(2,4-bis(hexyloxy)phenyl)-9,9-dimethyl-9H-fluoren-2-yl)amine (BBFA) groups
respectively as donors. To encounter solubility problems associated with the fluorene
derivatives, all the devices were made with a change in dipping solvent resulting in lower
PCE (10.5%, Js.: 16.67 mA/cm?, Voe: 840 mV., FF: 0.75) for 98 than previously reported. All
the devices were found to exhibit improved performance when electrolyte was changed from
iodide/triiodide to cobalt-based electrolyte ([Co(bpy)s]™#*®) and in the presence of HC-AL1 as
the co-adsorbent. The alkoxy, as well as phenyloxy substituted fluorene derivatives (100-
102), were found to be more effective both in red shifting the absorption spectrum as well as
in preventing recombination, taking advantage of the electron-donating as well as the
bulkiness of the donor groups, when compared to FA substituted dye 99. This lead to higher
current density and photocurrent for 100-102 resulting in higher PCE. Though 99 is not
having additional alkoxy substitutions integrated on it, the absorption profile shows a redshift
when compared to those of 98 having BBPA (bis(2’,4'-bis(hexyloxy)-[1,1'-biphenyl]-4-
yl)amino) as the donor. This absorption behaviour can be accredited to a lack of electronic
communication between the alkoxy groups and the tertiary amine in BBPA based dye 98. A
higher molar extinction coefficient of 98 contributed towards higher current density
compared to 99. The bulkier BBPA also rendered 98 to have higher V. and hence higher
PCE when compared to those of 99. The device fabricated based on 102 showcased the
highest efficiencies of 11.4 %, 99 delivered the least efficiency of 10.2 % .
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Figure 36. Photosensitizers 99-102 with thieno[3,2-b]indole moiety as w-spacer

The superior performance of Tl over TAB as n-conjugator was again illustrated by Ji et al.
(Figure 37).%® To this end, two porphyrins based D-n-A dyes (D-ethynyl-zinc porphyrinyl-
ethynyl-benzothiadiazole-acceptor) with extended conjugation at the donor sites were
constructed. The dyes 104 and 105 differ in the auxiliary spacer between thieno[3,2-
b]benzothiophene (TBT) and 4-hexyl-4H-thieno[3,2-b]indole, which were also subjected to a
comparison with phenylethylene based dye 103 from earlier work.?” The dihedral angle
between donor part and m-spacer showed increment when the phenyl group in 103 was
replaced with Tl and TAB units with more conjugation. The trend observed in Vo, was
following the increase in dihedral angle (105>104>103), which might have helped prevent
the recombination effectively. The more electron-donating Tl and TAB groups could also
bring changes in the light-harvesting ability of dyes. In the Q-bands, significant changes were
observed, having a more expansive and intensified absorption profile for 104-105, leading to
current densities in the order 105>104>103. The more planar, electron-donating nature of the
Tl group along with the incorporated hexyl functionality contributed towards the best
efficiency of 10.80% for 105 with higher Ji; (16.50 mA/cm™) and Vo (0.847 V) in the

+2/+3

presence of HC-AL as the co-adsorbent, using [Co(bpy)s] (bpy = 2,2’-bipyridine) redox

electrolyte.
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103 PCE: 9.05% 104 PCE: 10.69% 105 PCE: 10.80%

Figure 37. Molecular structures of photosensitizers 103-105 with different w-spacers

Thieno[2,3-b]indole was applied as a building block in DSSC for the first time by Irgashev
et al. (Figure 38).%°° They introduced a new synthetic route for constructing thieno[3,2-
blindole from 1-alkylisatin and 2-acetylthiophene. Among the dyes, 108 with thiophene as
the m-bridge and ethyl hexyl as the alkyl group contributed towards the highest PCE of 6.3%.
The bithiophene and terthiophene groups were entertaining aggregation of dyes which
resulted in more recombination. Except for ethyl hexyl, other smaller alkyl groups like butyl
and ethyl were not found to obstruct the dye aggregation, resulting in the downfall in

efficiency using these spacers.

CO,H
NC \ 106 (n=1, R=ethyl, PCE: 1.4%)
107 (n=1, R=butyl, PCE: 4.8%)
S \> 108 (n=1, R=ethylhexyl, PCE: 6.3%)
LS X" 109 (n=2, R=ethyl, PCE: 3.4%)
N S 110 (n=3, R=ethyl, PCE: 1.3%)
& 111 (n=3, R=butyl, PCE: 1.4%)

Figure 38. Photosensitizers 106-111 with thieno[3,2-b]indole moiety as the donor

Thienoindoles have proved to have the potential to function both as donor as well as w-spacer
units. Systematic engineering of different w-spacers and auxiliary donors to this moiety could
bring impressive PCE in the future. In this line, dye designs that incorporate TI unit with
other indole fused systems open promising alternatives.

1.5.6 Tetraindole based sensitizers for DSSCs

The synthesis of tetraindole was first reported in 2006, which involved a one-pot
tetramerization of indolin-2-one mediated by phosphoryl chloride.”® This polyacene has four
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indole units fused to cyclooctatetraene, which act as a promising donor motif for solar cell
applications. In addition, the unique structural characteristics of this saddle-shaped scaffold

will also prevent self-assembly of the dyes on the semiconductor surface.

Tetraindole found a place in DSSC through the work of Qian and co-workers.”* The D-n-A
dyes 112 and 113 uses thiophene and bithiophene, respectively, as n-bridges (Figure 39). The
dyes exhibit improved open-circuit potential benefitting from the saddle like structure with
flanked octyl alkyl chains of the new donor moiety. The sensitizer 113 exhibited a broader
ICT band and better light-harvesting ability, which is evident from the broader and enhanced
response of the IPCE spectra. 113 delivered a maximum efficiency of 6.21% with the highest
Jsc (13.0 mA/cm?) and Vo (762 mV), whereas dye 112 could only deliver a PCE of 5.79%
with Js of 12.1 mA/cm? and Vo, of 750 mV. The reduced aggregation behaviour of these dye
was further illustrated by the co-adsorption experiments using CDCA. Both dyes exhibited
lower efficiencies in the presence of CDCA, the reduction mainly aroused from lower Js
values. Decreased dye loading in the presence of CDCA can be accounted for the decrease in

photocurrent and hence the overall efficiency.

112 PCE: 5.79% 113 PCE: 6.46%

Figure 39. Photosensitizers 112-113 with tetraindole as the donor

1.6 Objective of the current work

Engineering sensitizers have got their prime importance when efficiency enhancement of
DSSC is concerned. Electron rich fused heterocycles have proved their efficacy as donors as
well as m-spacers in the sensitizer designs. The literature survey narrated in the previous
section gives an impression on the extend of fused ring heterocycles being reported in
literature. These systems were found to exhibit more electron-donating ability than indole in
conjugation with expanded =-systems. Though the planarity could induce ICT in these
molecules, a trade-off between light harvesting and dye aggregations lead to a shortfall of the
power conversion efficiency in many instances. The strategic introduction of bulky
substituents on the donor side and the m-conjugater helped abate these situations to some
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extent. Another notable advantage is the ease of synthesising these fused indole heterocyclic
motifs with functionalities required for further transformations. In addition, the stability of

these fused heterocycles has contributed to enhancing device lifetime.

Keeping in view of the advantages of heteroaromatic indole-fused systems, in the upcoming
chapters we have tried to carry out a detailed investigation of dyes which are based on indole
fused systems as donor. Chapter 2 involves indoloindole donor based dyes. While chapter 2A
deals with dyes IID1-11D6 which are based on indolo[3,2-b]indole as donor, chapter 2B
utilizes indolo[2,3-b]indole as donor to construct dyes 11D7-11D9. Chapter 3 deals with dyes
based on benzothienoindoles as donor unit. While Chapter 3A deals with BID1-BID3
(benzothieno[3,2-b]indole as donor), the second part of the chapter deals with BID4-BID6
(benzothieno[2,3-b]indole as donor). A di-branched di-anchoring approach was adopted in
Chapter 4 to construct dyes 11D10-11D12.
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CHAPTER 2

_________________________________________________________________________________________________________________|
Design, Synthesis and Characterization of Indoloindole Donor based

Photosensitizers for DSSC Applications

Abstract
In part A of the chapter we detail the development of D-n-A dyes which utilizes indolo[3,2-
blindole as donor, cyanoacrylic acid as acceptor/anchoring group and varied the m-spacer
employed with as benzene, thiophene and furan units to construct sensitizers 11D-1, 11D-2
and 11D-3 respectively. To minimize dye aggregations, the two N-atoms of indolo[3,2-
blindole core was functionalized with hexyl chains. Though furan substituted dye was
exhibiting higher light harvesting efficiency with wider absorption profile, 11D-1 having
benzene as m-spacer outperformed the other two with higher photovoltage and current
density. Optimization studies with co-adsorbent chenodeoxycholic acid (CDCA) further
enhanced the performance with a maximum efficiency realized using 20 mM CDCA
concentration. This indicated that significant dye aggregation was happening in the system
and we concluded that the slightly twisted conformation of 11D-1 may be helping the system
to alleviate dye aggregation and also the spatial approach of oxidized species in the
electrolyte coming closer to semiconductor. Further we did molecular engineering by
replacing the hexyl group with dodecyl chain as an approach towards reducing dye
aggregation. The dyes thus developed are 11D-4, 11D-5 and 11D-6 with w-spacer as benzene,
thiophene and furan. By adopting this structural modification, all the dyes could outperform
the previous set (11D-1, 1ID-2, and 11D-3) even in the absence of any co-adsorbent. In the
absence of aggregate formation, light harvesting efficiencies of the dyes improved
contributing significantly towards improved power conversion efficiency (PCE) and furan
substituted dye exhibited maximum PCE of 4.4% and the minimum was delivered by the
benzene substituted dye 11D-4. In Part B dodecyl chain incorporated indolo[2,3-b]indole was
used as donor to synthesize 1ID-7, 11D-8, and 11D-9 with benzene, thiophene and furan
respectively as w-spacer. Like in the previous case, light harvesting efficiency dominated the
overall PCE and thus furan spacer showcased superior performance followed by thiophene

and benzene.



Chapter 2

2.1 Introduction

The sustainable development in harnessing conventional energy sources has always got
utmost importance due to its economic and eco-friendly nature.! Photovoltaic technology is
one of the strategies to this line that is undergoing continuous improvement towards higher
performance to cost ratio.> Dye sensitized solar cells (DSSC) being one of the third
generation techniques has many merits such as environmental benignity, cost-effectiveness in
terms of raw materials and fabrication processes, good indoor light harvesting efficiency
etc.>* A plethora of studies have been carried out in the last three decades in a view to
improve the power conversion efficiency (PCE) of DSSC. Much of these efforts are oriented
towards photosensitizer and counter electrode engineering. Designing of dye sensitizer with
intensified absorption profile from visible to NIR region is a critical factor for light
harvesting. The sensitizers are also supposed to have features to prevent any kind of dark
current generation.> The quest for good dye sensitizers resulted in new molecular

architectures, D-n-A being the most investigated one.®”’

Molecular engineering of photosensitizer deals with optimization of each fragments of the
system such as donor, nt-spacer and acceptor.® In addition to the ability for tuning the energy
levels of the dye; donor unit is also capable of modulating the current generation and
recombination reactions. Though this technology was initiated with metal complex based
sensitizers, metal free organic sensitizers are paving new trajectories with their tunability and
performance.” Triphenylamine, carbazole, coumarines, indolines are some of the donors
generally encountered in DSSC.'° Along with the development of new design strategies with
the existing donors, development and employment of new donors especially fused
heterocycles has also got importance in view of their light harvesting ability and stability
when employed in devices. Indole fused heterocycles are one such class of donors which has
already demonstrated their capability due to their electron rich planar systems coupled with
arylation/alkylation cites to create hydrophobic barrier to prevent aggregate formations and
back electron transfer reactions.* A notable example for the utilization of indole fused
heterocycles in DSSC was reported by Zhang and co-workers in which a single
photosensitizer based on triazatruxene/triindole donor using cobalt based redox electrolyte
could realize a PCE of 13.6 %.'? Another interesting report utilized thieno[2,3-b]indole based

dyes that reached an efficiency of 14.2% with co-sensitization strategy.*®
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In 2017, our group introduced a facile route involving a sequential MCR-oxidation approach
towards the synthesis of these fused indole heteroacenes.** The methodology involves an
initial MCR of an enolizable ketone (cyclohexanone), a 1° amine, and N-tosyl-3-nitroindole
furnishing the intermediate pyrrolo[3,2-b]indole which on further oxidation with chloranil
affords indolo[3,2-b]indole moieties in good vyields. The advantage of our method with
existing ones was clearly demonstrated by the generation of symmetrical and unsymmetrical
indolo[3,2-b]indoles; highly relevant for material applications. Indoloindoles are an
interesting class of N-heteroacenes among which indolo[3,2-b]indoles are considered to be
good electron donors. This donor character of indolo[3,2-b]indole moiety can be attributed to
the small atomic radius of N-atom which in turn would result in a more dense assembly of
molecules. In addition, these molecules are also known to possess better charge carrier
mobility due to the bidirectional electronic coupling enabled by NH-x interactions. These
fused N-heteroacenes have been used in the development of organic photovoltaics, organic
field-effect transistors, core donors in heterojunction solar cells and high-spin organic
polymers. Followed by the establishment of new synthetic strategies for the construction of
indolo[3,2-b]indole, we initiated the development of sensitizers which are based on
indolo[3,2-b]indole donor. Part A of the second chapter (2A) deals with the development of
D-n-A dyes which utilizes hexyl group incorporated indolo[3,2-b]indole as donor,
cyanoacrylic acid as acceptor/anchoring group and varied the m-spacers such as benzene,
thiophene and furan to construct sensitizers 11D-1, 11D-2 and 11D-3 respectively. Further we
did molecular engineering by replacing the hexyl group with dodecyl chain as an approach
towards reducing dye aggregation. The dyes thus developed are 11D-4, I11D-5 and 11D-6 with
n-spacer as benzene, thiophene and furan respectively. The work was also extended to
another class of donors which is indolo[2,3-b]indole. Detailed investigations of the

performance of these sensitizers are explained in the coming sections.
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Chapter 2A: Investigation of Indolo[3,2-b]indole Donor based D-n—A
Dyes for DSSC

2.2 Synthesis and Characterization of 11D-1, I11D-2, and 11D-3

The synthesis of the indolo[3,2-b]indole based dyes following the D-n-A approach
commenced with the one-pot MCR/oxidation of N-Boc-5-bromo-3-nitro-indole 1,
cyclohexanone 2 and hexylamine 3. The Boc-group on the indoloindole 4 was easily removed
by treating with trifluoroacetic acid in DCM furnishing the intermediate 5 in 90% vyield. This
fused indole moiety 5 was then subjected to N-alkylation with hexylbromide to afford the
donor dihexylindoloindole 6 in excellent yield. The n-spacer was attached to the donor
moiety by Suzuki reaction of 6 with formyl-aryl/heteroaryl boronic acids such as 4-formyl
phenyl boronic acid, (5-formylthiophen-2-yl)boronic acid and (5-formylfuran-2-yl)boronic
acid to afford the molecules 7, 8 and 9 respectively. Finally, the acceptor part was attached to
7, 8 and 9 via Knoevenagel condensation with cyanoacetic acid furnishing the dyes 11D-1,

11D2, and 11D-3 respectively. The entire synthetic route is shown in Scheme 2.1.

[o]
N2 1.4A Ms toluene
CF COOH
N 2 Chloranil, toluene DCM 0 °C-RT
Boc Boc

100°C, 24 h

1 2 3 4 (70%) 5 (90%) 6 (82%)
OHC,
OHC_O_B(OH)Z O (35/ NC” > COOH
> —_—
Pd(PPh;),, K,CO;4 O \ O NH,OAc, AcOH
THF-H,0 (3:1) N 80°C,12 h
70°C, 24 h 5 (L)\
7 (65 %)
B, ( g
O hE)S/ oneT s = (ﬂ/s NC” > COOH
\ O > N —
N Pd(PPh;),, K,CO; \ O NH,0Ac, AcOH |
. (L)\ THF-H,0 (3:1) N 80°C,12h :
70°C,24 h 5(L)\ :
6 8 (60 %) .
OHC— 7 ﬂ/ :
/@\ o ( ° E
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70°C, 24 h 5 ( :
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Scheme 2.1. Synthetic route adopted for indolo[3,2-b]indole based dyes 11D-1, 11D-2 and
11D-3
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2. 3 Photophysical and Electrochemical properties
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Figure 2.1 (a) Absorption spectra of dyes in THF. (b) Cyclic voltammogram of dyes

The absorption spectra for all the three dyes were recorded in tetrahydrofuran and are shown
in Figure 2.1 (a). Availing the benefit from D-n-A architecture, all the above sensitizers (11D-
1, 1ID-2, and 11D-3) exhibited absorption in the range of 300-600 nm. The bands observed at
shorter wavelengths correspond to m-n* transitions and the ones at longer wavelengths are
attributed to intramolecular charge transfer (ICT) transitions. All the three dyes can be clearly
distinguished by analysing its characteristic intramolecular charge transfer band. The dyes
1ID-1, 11D-2, and 11D-3 displayed an absorption maximum at 360 nm, 434 nm and 443 nm
respectively. The variation in absorption spectra is attributed to the presence of different n-
spacers and the dihedral angle between the indolo[3,2-b]donor and the m-spacers which
played a key role in determining the absorption maxima and shift in absorption spectra. The
role of hetero-atomic n-spacers like thiophene and furan in 11D-2 and 11D-3 decreased the
energy band gap of these dyes which resulted in a bathochromic as well as a hyperchromic
shift in absorption spectra compared to the non-heteroatomic 7 spacer like benzene present in
11D-1. Hence both the dyes 11D-2 and 11D-3 showed a red-shifted absorption in comparison
to 11D-1.

To investigate in detail the feasibility of electron injection from the excited state of the dye to
the semiconductor (TiO,) conduction band (CB) and regeneration of the oxidized dye ground
state by the electrolyte, cyclic voltammetry was used to study the electrochemical properties
of the sensitizers (Figure 2.1 (b)). Cyclic voltammetry was performed for all the three dyes

employing  dichloromethane as the solvent in 0.1 M tetrabutylammonium
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hexafluorophosphate as supporting electrolyte and ferrocene as an internal standard, glassy
carbon was used as the anode, platinum wire as cathode and Ag/AgCl as the reference
electrode. The oxidation potentials of 11D-1, 11D-2, and 11D-3 were calculated with respect to
ferrocene and was converted to NHE using the equation, Enomo = [Eox + 0.63V]. The LUMO
of these dyes were calculated by taking the difference between Enomo and Eq.o band gap of
the dyes obtained from the intersection of absorption and emission spectra. All photophysical
and electrochemical values are tabulated in Table 2.1 As shown in Table 2.1, the HOMO
levels for 11D-1, 11D-2, and 11D-3 were 0.82, 0.87 and 0.85 V vs. NHE, respectively which is
placed at a more positive potential in comparison to the iodide/triiodide redox system (0.4 V
vs. NHE). The excited state potential of the dyes was estimated to be -1.77, -1.48 and -1.51
V, respectively which is more negative than the TiO, conduction band energy level (-0.5 V
vs. NHE), affirming smooth electron injection from the dye excited states for all the three

dyes.

Table 2.1 Photophysical and electrochemical data of 11D dyes.

Sensitizer | Amax, NM Eox(Feiret) Enowmo (vs NHE) Eoo ELumo (vs NHE)
(e, Mlem™) V) V) eV V)

11D-1 360 (30090) 0.19 0.82 2.59 -1.77

11D-2 434 (24000) 0.24 0.87 2.35 -1.48

11D-3 443 (25030) 0.22 0.85 2.36 -1.51

2.4 Computational Studies

The ability of dyes to exhibit better photovoltaic properties predominantly rely on their
photophysical, electrochemical and detailed pre-experimental information about the
molecular geometry, electron density distribution and spectroscopic properties. An adept
knowledge of the above-mentioned parameters will help us to understand the electron transfer
in more detail which in turn acts as a useful tool for further modifications to improve the
performance. In addition to this, the degree of =m-conjugation, which determines how
efficiently the donor-acceptor interactions take place in these molecular systems, is judged by
the dihedral angle between the donor, n-spacer and terminal acceptor groups. Keeping this in
mind, geometrical optimizations in the gas phase were carried out for all the three 11D dyes
under study. The density functional theory (DFT) calculation was performed at B3LYP

exchange-correlation functional level theory with 6-311g(d, p) basis set using a Gaussian
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G09 package. All the optimized structures were subjected to vibrational analysis to check for
imaginary frequencies. Gaussview 5.0 was used for the visualization of structures and has
been given in Figure 2. 2. In w-conjugated system analogous to IID dyes having D-n-A
architecture, charge transport occurs between donor and the terminal acceptor via m-spacer
units and is directly dependent on the corresponding dihedral angles (Figure 2. 2). It is quite
clear from Figure 2. 2 that the introduction of different spacers into D-n-A type 11D systems
lead to a different twists between the indolo[3,2-b]indole donor unit and the n-spacer. The
dihedral angle between indolo[3,2-b]indole donor and phenyl unit in 11D-1 was calculated to
be around 34.48° while in the case of thiophene (11D-2), a dihedral angle of 21.99° was
obtained. On the other hand, for 11D-3, indolo[3,2-b]indole-furan moieties are more or less
aligned in the same plane and the dihedral angle was found to be 1.66°. The terminal
cyanoacrylic acid is found to be almost coplanar with respective m-conjugated spacers
displaying dihedral angle between 0.48—2.22°. An increased dihedral angle retards the
electronic communication between the donor and acceptor which led to a red-shifted
absorption ongoing from 11D-1 to 11D-2 to 11D-3. The alkyl substituents grafted on to the

indolo[3,2-b]indole donor do not seem to appear to be affecting the planarity of the dye

molecules.
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Figure 2. 2 Energy minimized structures of 11D dyes and the corresponding dihedral angles
between the indolo[3,2-b]indole donor and the neighbouring fragments.

To simulate experimental UV/Vis spectra of the dyes, these optimized geometries were
subjected to single-point time-dependent DFT (TDDFT) calculations. The isodensity plots of
frontier molecular orbitals and the energy levels of the 11D dyes have been depicted in Figure
2.3. The HOMO of all the 11D dyes is largely localized over indolo[3,2-b]indole and a very
small amount is located over the m-spacer, while LUMO is predominantly localized on the
acceptor cyanoacrylic acid unit with a slight overlap on the n-spacer fragments. From the
ground and excited state electron density distribution shown in Figure 2.3, it is quite evident

that there is sufficient charge separation between the donor and acceptor and the LUMO
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electron density is localized over the cyanoacrylic acid functionality leading to better
injection of the excited state charge carriers. The HOMO-LUMO gaps were calculated to be
between 2.45 to 2.53 eV. The HOMO of all the dyes was found to be in between -5.09 to -
5.22 eV. These results are matching with what we observed from the photophysical and

electrochemical studies with the corresponding 11D dyes.

Energy (eV)

IID-1 IID-2 IID-3

Figure 2.3 Schematic representation of electronic distributions observed in frontier orbitals
(HOMO and LUMO) of 11D dyes using DFT/B3LYP/6-311G(d, p) with band gap values.

Further, to gain a deeper insight into the electron density distribution in each dye, partial
electron density contribution from the respective frontier orbitals have been calculated and
data is provided in Table 2.2. As can be seen from the Table 2.2, the major low energy
transition is contributed by the excitation of charge carriers from HOMO, HOMO-1, and
HOMO-2 of the 11D dyes to the LUMO, which is basically the charge transfer from the

indolo[3,2-b]indole donor to the cyanoacrylic acid acceptor.
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Table 2.2 Comparison of absorption properties of the dyes with the simulated excitation
energy, oscillator strength, percentage contributions of the orbital density for different
transitions and dipole moments.

Experimental Theoretical (B3LYP-6311g**) U
Dyes — " (Debye
Amax e(M“cm™) | A(hm) f composition )
(nm)
HOMO—LUMO (99.16%)
357 20620 364 | 056 | HOMO-1—-LUMO
11D-1 (3.40 8.0
eV) (99.66%)
HOMO-2—LUMO (89.60)
HOMO—LUMO (98.37%)
385 32960 (§8234 0.43 | HOMO-1—LUMO
11D-2 e\',) (96.38%) 7.4
HOMO-2—LUMO
(93.73%)
HOMO—LUMO (98.24%)
447 35703 (‘;7613 0.36 | HOMO-1—LUMO
11D-3 e\',) (95.12%) 6.5
HOMO-2—LUMO
(93.56%)

2.5 Photovoltaic Performance

To explore the potential of the newly synthesized indolo[3,2-b]indole dyes [I1I1D-1, 11D-2 and

IID-3] to be used as sensitizers in dye solar cells, devices were fabricated and the

photovoltaic performance was evaluated using standard (AM 1.5G, 100 mWcm™) simulated

solar spectrum employing an electrolyte composed of 0.3M BMII, 0.1M Lil, 0.05M 1, and

0.5M tbp in acetonitrile. Detailed optimizations were carried out by fabricating devices with

and without co-adsorbant (Chenodeoxycholic acid, CDCA), and also by systematically

varying the co-adsorbent concentrations (5mM, 10mM & 20mM), in a way to study the effect

of aggregation on photovoltaic performance. All the three dyes displayed their best

performance in presence of 20mM CDCA. From the results, it is quite clear that the dyes are
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prone to aggregation and the best performance was obtained in presence of co-adsorbant
CDCA (20mM).
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Figure 2. 4 (a) Current density-voltage characteristics of DSSCs based on 11D-1, 11D-2, and
1ID-3 under one sun illumination (AM 1.5G). (b) Spectra of incident photon-to-current
conversion efficiency (IPCE) for DSCs based on 11D-1, 11D-2, and 11D-3

The current density versus voltage (J-V) results for the optimized solar cells fabricated using
1ID-1, 1ID-2, and 11D-3 as sensitizers are shown in Figure 2.4 (a) and the tabulated values
are compiled in Table 2.3. The benzene substituted dye, 11D-1 outperformed the other dyes
(11D-2 and 11D-3) giving a power conversion efficiency of 2.38% (Js = 5.51 mAcm?, Vg =
620 mV, and FF = 0.69) whereas 11D-2 showed a power conversion efficiency of 2.0% (Js. =
5.22 mAcm?, Vo = 570 mV and FF = 0.67) and I11D-3 displayed a power conversion
efficiency of 1.71% (Jsc = 4.6 mMAcm™, Vo = 540 mV and FF = 0.68) respectively. It is quite
interesting to note that even though 11D-2 and 11D-3 exhibited a much broader absorption
profile and higher molar extinction coefficient in comparison to 11D-1, the smaller dihedral
angle of 11D-2 and 11D-3 resulted in better conjugation and improved interaction between the
donor and acceptor units and thus the Js. for both the dyes were less in comparison to 11D-1.
The furan substituted dye, 11D-3 imparted the least current density and voltage among the
series as a result of more recombination. Figure 2.4 (b) shows the IPCE spectra of 11D-1,
1ID-2, and 11D-3. IPCE results are in accordance with the J-V data. Even though there is an
extended absorption in IPCE spectra for 11D-2 and 11D-3 from 400 to 600 nm with higher
molar extinction coefficients, the device fabricated with 11D-1 showed better current, voltage

and fill factor leading to improved photovoltaic performance.
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Table 2.3 Solar cell characteristics of DSSCs based on 11D-1, 11D-2, and 11D-3.

Sensitizer Voc (MmV) Jsc (MA/cm?) FF (%) Efficiency
11D-1 620 £2 5.51+0.33 69+0.9 238 +0.11
11D-2 570+ 8 5.22+0.21 67 +05 2.00 + 0.07
11D-3 540 £ 6 4.60 +0.32 69 +0.5 1.71+£0.12

In the current set of dyes, the hexyl group was not found to be effective in preventing back
electron transfer reaction. Hence we planned to increase the alkyl chain length to dodecyl in a
view to prevent recombination reactions and to tap the light harvesting ability of dyes to its
fullest. The dyes thus developed are 1ID-4, 11D-5 and 11D-6 with m-spacer as benzene,

thiophene and furan respectively.

2.6 Synthesis and Characterization of 11D-4, 11D-5, and 11D-6

We commenced our studies with the synthesis of indolo[3,2-b]indole based dyes with
dodecyl-groups as the N-substituent by following the D-n-A approach. We initiated the
synthesis of the core with the norbornene mediated palladium catalysed C-2 arylation of
indole with 1-iodo-2-nitrobenzene to yield intermediate 12. N-alkylation of 12 with
dodecylbromide followed by PPh; mediated annulation reaction afforded 13. The
halogenated donor didodecyllindoloindole 14 was then made by subjecting the fused indole
moiety 13 to N-alkylation with dodecylbromide. Having the donor moiety in hand, our next
task was to attach the m-spacers by Suzuki reaction of 14 with formyl-aryl/heteroaryl boronic
acids. The coupling products 15, 16 and 17 were obtained from the reaction of 14 with 4-
formyl phenyl boronic acid, (5-formylthiophen-2-yl)boronic acid and (5-formylfuran-2-
yl)boronic acid respectively. The dyes 11D-4, 1ID-5 and 1ID-6 were finally made by
attaching the acceptor part to 15, 16 and 17 via Knoevenagel condensation with cyanoacetic

acid.
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Scheme 2.2 Synthetic route adopted for indolo[3,2-b]indole based dyes 11D-4, 11D-5, 11D-6.
2. 7 Photophysical and Electrochemical properties

The absorption measurements were done in THF and the data obtained are presented in
Figure 2.5 (a) and Table 2.4. The change in alkyl chain length could not bring significant
differences in the absorption properties of these dyes. The solid state absorption spectra of the
compounds on TiO, are presented in Figure 2.5 (b). According to this, furan substituted dye
11D-6 was showing higher and broader absorption profile than the rest of the compounds.
While 11D-4 was having higher absorption value, 11D-6 showcased wider and red-shifted
absorption profile. The cyclic voltammogram of these dyes are shown in Figure 2. 6 and the
data deduced from these experiments are summarized in Table 2.4. The energetics of the

current set of dyes are almost similar to their hexyl incorporated counterparts.

M lem™)
Absorbance

T T L) ) L v, T T
300 350 400 450 500 550 600 400 500 600
Wavelength (nm) Wavelength(nm)

Figure 2.5 (a) Absorption spectra of dyes in THF. (b) Absorption spectra of dyes on TiO;
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Figure 2.6 Cyclic voltammogram of 11D-4, 11D-5 and 11D-6

Table 2.4 Photophysical and electrochemical data of 11D-4 to 11D-6 dyes

1.0

Sensitizer | Amax, NM Eox(Feiret) Enowmo (vs NHE) Eoo ELumo (vs NHE)
(e, Mem™) V) V) eV (V)
11D-4 360 (27750) 0.21 0.84 2.58 -1.74
11D-5 432 (24250) 0.25 0.88 2.34 -1.46
11D-6 444 (24375) 0.23 0.86 2.32 -1.46

2. 8 Computational Studies

The molecular structure and electronic distribution of the dyes were investigated by with

Gaussian 09 program. DFT studies at B3LYP level of theory with valance double-zeta

polarisation basis set, viz 6-31G* was used for all the calculations in gas phase. Figure 2.7

shows the frontier molecular orbital of the dyes. All the dyes are having HOMO electron

density mostly located on the donor unit and LUMO is located on the acceptor

unit/cyanoacrylic acid and extended to =-spacer also. These results show good HOMO-

LUMO overlap and possibility of strong coupling of semiconductor conduction band with the

sensitizer. This can in turn make sure efficient electron injection to conduction band of TiO,

which is essential for the current generation in the device.
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Figure 2.7 Frontier molecular orbital distributions of the dyes 11D-4, 11D-5 and 11D-6

Further the energy minimized structures (Figure 2.8) gives idea about the effect of different
spacers on the performance.
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Figure 2.8 Energy minimized structure of the dyes 11D-4, 11D-5 and 11D-6
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All the dyes were having almost coplanar conformation with respect to angle between spacer
and anchoring group. But changes in the structure induced by the angle between donor and -
spacer. Benzene substituted dye 11D 4 was having more twisted conformation which is
evident from their blue shifted absorption spectra with less prominent ICT bands. Furan
substituted dye 11D-6 was more planar with lowest dihedral angle between donor and furan

unit.
2.9 Photovoltaic Performance

The current-voltage (J-V) curves of DSSCs based on dyes 11D-4 to 11D-6 obtained under AM
1.5 solar simulator illumination (100 mWcm™) are shown in Figure 2.9 (a) and the
corresponding photovoltaic parameters are listed in Table 2.5. All the devices showcased
improved performance compared to their hexyl group incorporated counterparts even in the
absence of co-adsorbent. This illustrated the significant role played by the longer alkyl chain
(dodecyl group) in minimizing the back electron transfer reactions. In this scenario, The 11D-
6 sensitized device showcased maximum power conversion efficiency of 4.46% (Jsc = 9.09
mAcm?, Vo = 670 mV, and FF = 73.25). Under the same conditions 11D-4 and 11D-5
sensitized cells gave Js values of 6.93 mAcm2and 8.15 mAcm, V. of 678 mV and 672 mV
and FF of 74.03 and 74.34 corresponding to PCE of 3.44% and 4.06% respectively.

Table 2.5 Solar cell characteristics of DSSCs based on 11D-4, 11D-5, and 11D-6

Sensitizer Voc (MmV) Jsc (MA/cm?) FF (%) Efficiency
(%)

11D-4 678 + 2 6.93+0.18 74.03+0.32 | 3.44+0.12

11D-5 672+ 4 8.15+0.22 74.34+£0.29 | 4.06 +£0.11

11D-6 670 + 3 9.09 +0.27 73.25+0.38 | 4.46 +0.08

No significant shift was observed in the voltage of the devices. It was the current density
which contributed to the significant differences in PCE for devices which lead to higher PCE
for 11D-6. 11D-4 was delivering the least efficiency among all the three dyes. The incident
photon-to-current conversion efficiency (IPCE) of the cells are shown in Figure 2.9 (b) which
was in accordance with the current density measured during J-V measurements. The solar

cells based on 11D-4 showed blue shifted as well as lower IPCE value compared to other two
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dyes. Even though 1ID-5 and IID-6 were having similar absorption behaviour, the onset
extended up to 650 nm. The IPCE value of 11D-6 could manage to have higher absorption in
visible region value exceeding 80%. This lead to higher current density for 11D-6 compared
to 11D-5.
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Figure 2.9 (a) J-V curve & (b) IPCE spectra of DSSCs based on the dyes

To understand further on recombination reactions in these solar cells, we carried out lifetime
measurements using transient photovoltage decay and the graph obtained is shown in Figure
2.10 (a). All the three devices were having similar lifetime which implies that the rate of back
electron reactions of the injected electrons also followed similar trend. In accordance with the
similar voltages, the charge extraction measurements are presented in Figure 2.10 (b) which
showed no significant shift in the conduction band edge of TiO, for any of the dyes. Both the
lifetime and charge extraction measurements suggested similar voltage for the devices which
is in agreement with the voltage measured. Further we performed transient photocurrent
decay measurements to obtain the transport time of the solar cells. According to the data
shown in Figure 2.11, 11D-5 and 11D-6 were having almost similar transport time which is
lesser than that of 11D-4. Transport time along with the recombination time/lifetime can give
valuable information on charge collection efficiency of devices. Since there was not much
change in the voltage for the current set of compounds, transport time can be taken as the
limiting factor in determining the collection efficiency. This indicates that charge collection
efficiency followed the trend in transport time leaving 11D-4 sensitized devices with lowest

value.
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Figure 2.10 (a) Lifetime as a function of light intensity measured using TPV technique and
(b) Extracted charge versus voltage from charge extraction measurement
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Figure 2.11 Transport time as a function of light intensity measured using TPC technique

2.10 Conclusion

In summary, we initiated with development of D-n-A dyes which utilizes indolo[3,2-b]indole
as donor, cyanoacrylic acid as acceptor/anchoring group and varied the n-spacer employed
such as benzene, thiophene and furan to construct sensitizers 11D-1, 1ID-2 and 11D-3
respectively. To minimize dye aggregations, the two N-atoms of indolo[3,2-b]indole core was
functionalized with hexyl chains. Though furan substituted dye was exhibiting higher light
harvesting efficiency with wider absorption profile, 11D-1 having benzene as =n-spacer
outperformed the other two with higher photovoltage and current density. Optimization
studies with co-adsorbent chenodeoxycholic acid (CDCA) further enhanced the performance

with maximum efficiency realized using 20 mM CDCA concentration. This indicated
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significant dye aggregations happening in the system and we concluded that the slightly
twisted conformation of 11D-1 may be helping the system to alleviate dye aggregation and
also the approach of oxidized species in the electrolyte coming closer to semiconductor.
Further we did molecular engineering by replacing the hexyl group with dodecyl chain as an
approach towards reducing dye aggregation. The dyes thus developed are 11D-4, 11D-5 and
IID-6 with =-spacers as benzene, thiophene and furan respectively. By adopting this
structural modification, all the dyes could outperform the previous set even in the absence of
any co-adsorbent. This indicates the added advantage of dodecyl chains in inhibiting
aggregate formation than hexyl chain and thus preventing the back electron transfer reactions.
In the absence of aggregate formation, light harvesting efficiencies of dyes improved
contributing significantly towards the power conversion efficiency (PCE) and furan
substituted dye exhibited maximum PCE of 4.4 % and the benzene substituted dye 11D-4
delivered an efficiency of 3.44%.
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Chapter 2B: Investigation of Indolo[2,3-b]indole Donor based D-n—A
Dyes for DSSC

2.11 Synthesis and Characterization of 11D-7, 11D-8, and 11D-9

The indolo[2,3-b]indole core was synthesized via a three step synthetic route starting from 5-
bromoindole 18. The first step involved a Pd-catalyzed C-3 arylation of 5-bromo-indole 18
with 1-iodo-2-nitrobenzene 19 affording the C-3 arylated indole 20 in 60% yield.® The
indolo[2,3-b]indole core 21 was then generated by the Cadogen reaction of 20 in presence of
triphenylphosphine in DMACc at 165 °C. The final alkylation of 21 with 1-bromododoecane
afforded the halogenated didodecyl-substituted indolo[2,3-b]indole 22 in 97% yield. The
attachment of the n-spacer was effected by the Suzuki reaction of brominated indolo[2,3-
blindole 22 with formyl-aryl/heteroaryl boronic acids to afford 23 (benzene as n-spacer), 24
(thiophene as m-spacer) and 25 (furan as m-spacer) respectively. From the Suzuki coupling
products, the dyes 11D-7, 11D-8 and 11D-9 were synthesized by Knoevenagel condensation

with cyanoacetic acid (Scheme 2.3).
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Scheme 2.3 Synthetic route adopted for indolo[2,3-b]indole based dyes IID-7, 11D-8 and
11D-9
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2.12 Photophysical and Electrochemical properties

The absorption spectra of the dyes 11D-7, 11D-8 and 11D-9 in tetrahydrofuran and on TiO, are
shown in Figure 2.12 (a) and Figure 2.12 (b) respectively and the relevant data are
documented in Table 2B.1. Both the spectra showed improved and red shifted absorption
behavior for 11D-8 and 11D-9 compared to benzene substituted dye 11D-7. The dyes 11D-8
and 11D-9 with thiophene and furan =-linker were showing almost similar molar absorption
coefficient (27875 and 28500 M™cm™) and absorption maximum (436 and 441 nm) and their
absorption onsets in solution state were extended up to 505 nm. The solid state absorption
spectra of all the compounds were broader and exhibited bathochromic shift compared to
solution state spectra. This indicated the predominant formation of aggregates when
compounds were sensitized on TiO,. The cyclic voltammogram of the dyes are shown in
Figure 2.13 and the energetics calculated is presented in Table 2.6. According to this data, the
dyes were proved to be potential candidates for device making with TiO, as semiconductor

and iodide/triiodide as redox mediator.
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Figure 2.12 (a) Solution state absorption spectra of dyes in THF. (b) Solid state absorption
spectra of dyes on TiO;

Table 2.6 Photophysical and electrochemical data of 11D-7 to 11D-9 dyes

Sensitizer | Amax, NM Eoxerct) | Enomo (VS NHE) Eoo ELumo (vs NHE)
(e, Mem™) V) V) eV (V)

11D-7 383 (24750) 0.29 0.92 2.74 -1.82

11D-8 436 (27875) 0.35 0.98 2.46 -1.48

11D-9 441 (28500) 0.33 0.96 2.45 -1.49
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Figure 2.13 Cyclic voltammogram of 11D-7, 11D-8, and 11D-9 dyes in dichloromethane
2. 13 Computational Studies
To investigate the molecular structure and electronic distribution of the three organic dyes,
these were optimized using DFT calculations with Gaussian 09 program. The calculations
were performed with the B3LYP exchange correlation functional under cc-PVDZ basis set.
The absence of imaginary frequencies was confirmed with vibration analysis. The electronic
distribution of frontier molecular orbitals is shown in Figure 2.14 and the energy minimized

structures are shown in Figure 2.15.
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Figure 2.14 Frontier molecular orbital distributions of the dyes I11D-7, 11D-8 and 11D-9
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Figure 2.15 Energy minimized structure of the dyes I11D-7, 11D-8 and 11D-9

All the dyes are having HOMO electron density mostly located on the donor unit and the
LUMO located on acceptor unit/cyanoacrylic acid and extended to n-spacer also. These
results show good HOMO-LUMO overlap and possibility of strong coupling of
semiconductor conduction band with the sensitizer. This can in turn make sure of efficient
electron injection to conduction band of TiO, which is essential for the current generation in
the device. According to the energy minimized structure of compounds, 11D-9 with furan as
n-spacer exhibited maximum planarity with least dihedral angle value of 0.60° between the
donor and m-spacer fragments. The dye IID-7 was having a twisted conformation with a
dihedral value of 33.35°. These results are also in agreement with the experimental absorption

spectra, absorption of 11D-7 was blue shifted compared to those of 11D-9.

2.14 Photovoltaic Performance

The photovoltaic performance of DSSCs fabricated with the dyes 11D-7, 11D-8 and 11D-9
were evaluated under full sun AM 1.5G (100 mW cm™) conditions. The current density-
voltage (J-V) and incident-photon-to-current conversion efficiency (IPCE) curves are shown
in Figure 2.16. The J-V parameters are summarized in Table 2.7.

The furan substituted dye, 11D-9 outperformed the other dyes (11D-7 and 11D-8) giving a
power conversion efficiency of 3.81% (Jsc = 8.19 mAcm’?, Voc = 651 mV, and FF = 71.62)
whereas 11D-8 showed a power conversion efficiency of 3.32% (Jsc = 6.98 mAcm?, Vo =
651 mV and FF = 73.18) and 11D-7 displayed a power conversion efficiency of 2.48% (Jsc =
5.05 mAcm, Ve = 673 mV and FF = 73.42) respectively.
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Table 2.7 Solar cell characteristics of DSSCs based on 11D-7, 11D-8, and 11D-9

Sensitizer | Voc(mV) | Jsc (mA/cm?) FF (%) Efficiency
(%)

11D-7 673 +3 5.05+0.21 73.42+0.42 | 248 +0.11

11D-8 651 + 4 6.98 £ 0.31 73.18 +0.55 | 3.32+0.13

11D-9 651 +3 8.19 +£ 0.33 71.62 +0.57 | 3.81 +0.09

The efficiencies of devices were in parallel to their current generation. Though 11D-7 with
benzene m-linker outperformed other dyes in terms of photovoltage, lowest current density
generated resulted in its inferior performance compared to the rest of the dyes. This
observation is also reflected in the IPCE spectra. According to this, 11D-7 showed blue
shifted as well as lower IPCE value compared to 11D-8 and 11D-9. The devices sensitized
with 11D-8 and 11D-9 are having same absorption on set but the IPCE value of 11D-9 was
able to exceed 80% and reached a maximum value of 89% at 429 nm. Accordingly, 11D-9

showed slight increment in current density compared to that of 11D-8.
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Figure 2.16 (a) Current-voltage characteristics of DSSCs with 11D-7, 11D-8, and 11D-9 under
1.5G. (b) Spectra of incident photon-to-current conversion efficiency (IPCE) for DSSCs

The data obtained for transient photovoltage decay measurements, charge extraction
measurements and transient photocurrent decay measurements are shown in Figure 2.17
While the charge extraction measurements showed similar shift in the conduction band of
TiO, (Figure 2.17 (a)), lifetime of the devices exhibited deviations (Figure 2.17 (b)). 11D-7
sensitized cells showed better lifetime which was also translated into better photovoltage

compared to the rest of the dyes. Devices based on furan and thiophene substituted dyes 11D-
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8 and 11D-9 were showcasing almost similar lifetime as well as photovoltage. Further we
measured transient photocurrent decay to understand the trends in transport time which is
presented in (Figure 2.17 4(c)). The transport time of the devices wa not in favour of 11D-7
which exhibited higher transport time compared to 11D-8 and 11D-9.
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Figure 2.17 (a) Extracted charge versus voltage from charge extraction measurement (b)
Lifetime as a function of light intensity measured using TPV technique and (c) Transport
time as a function of light intensity measured using TPC technique

2.15 Conclusion

In summary, we successfully synthesized three new D-n-A organic dyes based on indolo[2,3-
blindole as donor and by varying the m-spacer unit with benzene (11D-7), thiophene (11D-8)
and furan (11D-9). Here also we incorporated dodecyl group on the donor moiety to minimize
the back electron reactions. The performances of the devices were evaluated in the absence of
any co-adsorbent. Furan substituted dye, 11D-9 showcased the best performance with a PCE
of 3.81% and least PCE was delivered by 11D-7 with 2.48%. The changes in current density
brought changes in PCE among the devices. Though 11D-7 was having higher photovoltage,
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there was significant decrease in its current density as evident from the IPCE spectra. This
can be attributed to its lower light harvesting ability which is evident from both solution as

well as solid state absorption of 11D-7 dye.
2.16 Experimental Section

General procedure for the synthesis of indolo[3,2-b]indole:

The enolizable ketone, cyclohexanone (2.0 equiv.) and primary amine, n-hexylamine (2.0
equiv.) were weighed into a dry reaction tube. Dry toluene along with 4 A MS (50 mg) was
added and allowed to stir at 60 °C for 1 hour, after which 3-nitro-N-tosyl indole (1.0 equiv.)
was added into it and again kept it for stirring at the same temperature for 11 hours. After the
complete consumption of 3-nitro-N-tosyl indole, Chloranil (3.0 equiv.) along with toluene
was added and kept at 100 °C for 10 hours. The solvent was evaporated in vacuo and the
residue on activated neutral alumina column chromatography yielded indolo[3,2-b]indole
with hexanes and ethyl acetate as eluent.

Synthesis of tert-Butyl 8-bromo-10-hexylindolo[3,2-b]indole-5(10H)-carboxylate (4): The
reaction was performed according to general procedure with 5-bromo-3-nitro-N-Boc indole
(500 mg, 1.47 mmol), n-hexylamine (297 mg, 2.94 mmol) and cyclohexanone (288 mg, 2.94
mmol) and chloranil (1084 mg, 4.41 mmol). The crude product was purified by activated
neutral alumina column chromatography (2% ethyl acetate in hexane) to afford the desired
product as a pale yellow viscous liquid (483 mg, 70%). TLC (SiO,): Rs; 0.71 (7% ethyl
acetate in hexane); 'H NMR (500 MHz, CDCls, TMS): § 8.44-8.43 (m, 1H), 8.14-8.13 (m,
1H), 7.78 (s, 1H), 7.41-7.35 (m, 2H), 7.29-7.24 (m, 1H), 7.16 (t, J = 8 Hz, 1H), 4.38 (t, J =8
Hz, 2H), 1.92-1.86 (m, 2H), 1.79 (s, 9H), 1.38-1.25 (m, 6H), 0.85 (t, J = 7 Hz, 3H); **C NMR
(125 MHz, CDCl3): 6 150.4, 140.7, 126.9, 126.5, 122.9, 121.9, 120.4, 119.9, 119.2, 118.3,
116.0, 115.8, 109.5, 84.3, 44.9, 31.6, 30.3, 28.6, 26.7, 22.5, 14.0; HRMS (ESI-Orbitrap) m/z:
(M+Na)" calcd for CasH29BrN,O,Na: 491.1305; found: 491.1320.

Synthesis of 3-bromo-5-ethyl-5,10-dihydroindolo[3,2-b]indole (5): To a stirred solution of
4 (400 mg, 0.85 mmol) in DCM (15 mL), TFA (10%) was added portion wise under nitrogen
atmosphere at 0 °C. The reaction mixture was then warmed to room temperature and stirred
for 3 hours. Upon completion, the reaction mixture was concentrated under reduced pressure
and water was added, and then extracted with EtOAc. The organic layer washed successively
with brine and the combined organic layer was dried over anhydrous Na,SO, and

concentrated under reduced pressure to yield the deprotected compound 5 as colourless solid
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(282 mg, 90%). m.p. 145-148 °C; 'H NMR (500 MHz, Acetone): & 10.42 (s, 1H), 7.90 (s,
1H), 7.65 (d, J = 8.0 Hz, 1H), 7.42 (d, J = 8.5 Hz, 1H), 7.36 (d, J = 8.5 Hz, 1H), 7.17-7.16
(m, 1H), 7.14 — 7.11 (m, 1H), 6.97-6.94 (m, 1H), 4.43 (t, J = 7.0 Hz, 2H), 1.81-1.75 (m, 2H),
1.28-1.23 (m, 2H), 1.18-1.02 (m, 4H), 0.67 (t, J = 7.5 Hz, 3H); *C NMR (125 MHz,
Acetone): 6 141.1, 139.4, 126.1, 125.6, 124.0, 122.3, 119.7, 118.1, 116.4, 114.4, 113.8,
110.8, 110.0, 44.7, 31.4, 30.2, 29.4, 29.3, 29.1, 29.0, 28.8, 28.7, 28.5, 26.4, 22.3, 13.4;
HRMS (ESI-Orbitrap) m/z: (M+H)" calcd for CaoH22N,Br: 369.0961; Found: 369.0972.
Synthesis of 3-bromo-5,10-dihexyl-5,10-dihydroindolo[3,2-b]indole (6): To a stirred
solution of 5 (250 mg, 0.68 mmol) in a mixture of THF: DMF (8: 2, 5 mL), NaH (41 mg,
1.62 mmol) was added portion wise under nitrogen atmosphere at 0 °C. The reaction mixture
was then warmed to room temperature and stirred for 30 minutes. The reaction mixture was
cooled again to 0 °C and 1-bromohexane (134.7 mg, 0.82 mmol) was added dropwise and
stirred at room temperature for 8 hours. Upon completion, the reaction mixture was
concentrated under reduced pressure and water was added, and then extracted with EtOAc.
The organic layer washed successively with brine and the combined organic layer was dried
over anhydrous Na,SO, and concentrated under reduced pressure and the residue on activated
neutral alumina column chromatography (2% ethyl acetate in hexane) yielded the compound
6 as colourless solid (252 mg, 82%). m.p. 70 °C; *H NMR (500 MHz, CDCls) & 7.88 (s, 1H),
7.79 (d, J = 7.5 Hz, 1H), 7.43 (d, J = 8.5 Hz, 1H), 7.34-7.25 (m, 3H), 7.15 (t, J = 7.5 Hz, 1H),
4.46-4.43 (m, 4H), 1.98-1.92 (m, 4H), 1.41-1.30 (m, 4H), 1.27-1.25 (m, 8H), 0.87-0.83 (m,
6H); *C NMR (125 MHz, CDCl3): § 140.9, 139.0, 124.0, 122.2, 120.0, 118.2, 117.8, 114.3,
110.9, 109.8, 45.3, 31.6, 30.2, 26.8, 22.5, 14.0; HRMS (ESI-Orbitrap) m/z: (M+H)" calcd for
CasH34N2Br: 453.1900; found: 453.1907.

Synthesis of 4-(5,10-diethyl-5,10-dihydroindolo[3,2-b]indol-3-yl)benzaldehyde (7): A
mixture of indoloindole 6 (250 mg, 0.551 mmol), 4-formyl phenyl boronic acid (124 mg,
0.83 mmol), Pd(PPhs)s (64 mg, 0.055 mmol), K,CO3; (380 mg, 2.75 mmol) were weighed
into a Schlenk tube and degassed for 10 minutes. Degased THF (5 mL) and water (1.5 mL)
was added then, the reaction mixture was purged with argon and allowed to stir at 65 °C for
24 hours. The solvent was evaporated in vacuum and the residue on activated neutral alumina
column chromatography (3% ethyl acetate in hexane) yielded the product 7 as colourless
amorphous solid (171 mg, 65%). TLC (SiO.): R; 0.38 (7% ethyl acetate in hexane); *H NMR
(500 MHz, CDCls): 6 10.07 (s, 1H), 8.08-8.04 (m, 1H), 7.98 (d, J = 8 Hz, 2H), 7.87 (d, J = 8
Hz, 2H), 7.58-7.53 (m, 2H), 7.50-7.42 (m, 2H), 7.33 (t, J = 7.5 Hz, 1H), 7.20 (t, J = 7.5 Hz,
1H), 4.54-4.52 (m, 4H), 2.03- 1.99 (m, 4H), 1.46-1.43 (m, 4H), 1.35-1.25 (m, 8H), 0.87-0.83
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(m, 6H); *C NMR (126 MHz, CDCls): § 192.0, 148.7, 140.7, 140.5, 134.4, 130.4, 129.6,
127.6, 122.0, 121.1, 118.3, 117.8, 116.6, 115.2, 110.2, 109.9, 45.5, 45.4, 31.6, 30.3, 29.7,
26.8, 22.6, 14.0; HRMS (ESI-Orbitrap) m/z: (M+H)" calcd for Caz3HzgN,O: 479.3057; found:
479.3043.

Synthesis of 2-cyano-3-(4-(5,10-dihexyl-5,10-dihydroindolo[3,2-b]indol-3-
yDphenylacrylic acid (I11D-1): A mixture of aldehyde 7 (150 mg, 0.31mmol), cyanoacetic
acid (80 mg, 0.94mmol), ammonium acetate (119 mg, 1.55 mmol) in acetic acid (3.0 mL)
was heated at reflux overnight under argon atmosphere. After cooling to room temperature, it
was precipitated by pouring into water. The precipitate was washed with water and dried in
vacuum oven. The product 11D-1 was obtained as a red solid (130 mg, 77%). m.p. 180-183
°C; 'H NMR (500 MHz, Acetone) & 8.38 (s, 2H), 8.23 (d, J = 8.5 Hz, 2H), 8.04 (d, J = 8.5
Hz, 2H), 7.94 (d, J = 8.0 Hz, 1H), 7.74 (s, 2H), 7.63 (d, J = 8.0 Hz, 1H), 7.30 (t, J = 7.0Hz,
1H), 7.16 (t, J = 7.5 Hz, 1H), 4.71 (t, J = 7.0 Hz, 2H), 4.65 (t, J = 7.0 Hz, 2H), 2.05-1.98 (m,
4H), 1.45-1.42 (m, 4H), 1.36- 1.23 (m, 8H), 0.84-0.79 (m, 6H); *C NMR (125 MHz,
Acetone) 6 162.4, 153.7, 146.6, 145.6, 140.4, 140.3, 131.2, 129.1, 128.8, 126.8, 126.0, 125.3,
121.4,120.3, 117.7, 117.3, 116.1, 115.4, 114.8, 114.0, 110.1, 109.6, 103.8, 101.3, 44.4, 44.2,
30.9, 30.9, 29.6, 28.9, 26.0, 21.8, 21.8, 12.8, 12.8; HRMS (ESI-Orbitrap) m/z: (M)" calcd for
CssH39N30,: 545.3037; Found: 545.3033.

Synthesis of 5-(5,10-dihexyl-5,10-dihydroindolo[3,2-b]indol-3-yl)thiophene-2-
carbaldehyde (8): A mixture of indoloindole 6 (250 mg, 0.551 mmol), (5-formylthiophene-
2-yl)boronic acid (129 mg, 0.83 mmol), Pd(PPhs), (64 mg, 0.055 mmol), K,CO3 (380 mg,
2.75 mmol) were weighed into a Schlenk tube and degassed for 10 minutes. Degassed THF
(5 mL) and water (1.5 mL) was added then, the reaction mixture was purged with argon and
allowed to stir at 65 °C for 24 hours. The solvent was evaporated under vacuum and the
residue on activated neutral alumina column chromatography (3% ethyl acetate in hexane)
yielded the product 8 as a white amorphous solid (160 mg, 60%). TLC (SiO,): Ryf; 0.39 (7%
ethyl acetate in hexane); *H NMR (500 MHz, CDCls): & 9.89 (s, 1H), 8.13 (s, 1H), 7.84 (d, J
= 7 Hz, 1H), 7.77-7.76 (m, 1H), 7.62-7.60 (m, 1H), 7.49-7.47 (m, 2H), 7.43-7.42 (m, 1H),
7.33 (t,J =7.5Hz, 1H), 7.20 (t, J = 7.5 Hz, 1H), 4.53-4.49 (m, 4H), 2.00-1.99 (m, 4H), 1.48-
1.42 (m, 4H), 1.34-1.26 (m, 8H), 0.86-0.84 (m, 6H); *C NMR (126 MHz, CDCls): § 182.6,
157.0, 141.1, 140.8, 137.9, 127.0, 125.8, 123.3, 122.7, 122.2, 120.1, 118.4, 117.8, 116.0,
115.0, 114.4, 110.2, 109.9, 45.6, 45.4, 31.6, 31.6, 30.3, 30.2, 26.9, 26.8, 22.6, 22.5; HRMS
(ESI-Orbitrap) m/z: (M+H)" calcd for Caz;H37N,0S: 485.2621; Found: 485.2634.
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Synthesis of 2-cyano-3-(5-(5,10-dihexyl-5,10-dihydroindolo[3,2-b]indol-3-yl)thiophen-2-
yl) acrylic acid (11D-2): A mixture of aldehyde 8 (150 mg, 0.31mmol), cyanoacetic acid (80
mg, 0.94mmol), ammonium acetate (119 mg, 1.55mmol) in acetic acid (3.0 mL) was heated
at reflux for overnight under argon atmosphere. After cooling to room temperature, it was
precipitated by pouring in to water. Precipitate was washed with water and dried in vacuum
oven. The product 11D-2 was obtained as a red solid (108 mg, 63%). m.p. 240-242 °C; *H
NMR (500 MHz, CDCls) & 8.30 (s, 1H), 8.13-8.07 (m, 1H), 7.83-7.75 (m, 2H), 7.70-7.66 (m,
1H), 7.61-7.59 (m, 1H), 7.49-7.47 (m, 1H), 7.45-7.42 (m, 1H), 7.35 — 7.32 (m, 1H), 7.20 (t,
J=7.5Hz) 451 (t, J = THz, 2H), 4.47 (t, J = 7 Hz, 2H), 2.01-1.97 (m, 4H), 1.46-1.40 (m,
4H), 1.31-1.25 (m, 8H), 0.87- 0.82 (m, 6H); *C NMR (126 MHz, CDCls) & 158.7, 147.7,
141.0, 140.9, 140.2, 139.5, 133.5, 129.3, 126.6, 123.3, 123.0, 122.3, 120.5, 118.5, 117.9,
116.1, 110.4, 110.0, 45.6, 31.6, 30.3, 30.2, 29.7, 26.8, 26.8, 22.5, 14.0; HRMS (ESI-Orbitrap)
m/z: (M)" calcd for Cz4Ha7N30,S: 551.2601; found: 551.2610.

Synthesis of 5-(5,10-dihexyl-5,10-dihydroindolo[3,2-b]indol-3-yl)furan-2-carbaldehyde
(9): A mixture of indoloindole 6 (250 mg, 0.551 mmol), (5-formylfuran-2-yl)boronic acid
(116 mg, 0.83 mmol), Pd(PPh3)4 (64 mg, 0.055 mmol), K,CO3; (380 mg, 2.75 mmol) were
weighed into a Schlenk tube and degassed for 10 minutes. Degassed THF (5 mL) and water
(1.5 mL) was then added and the reaction mixture was purged with argon and allowed to stir
at 65 °C for 24 hours. The solvent was evaporated under vacuum and the residue on activated
neutral alumina column chromatography (3% ethyl acetate in hexane) yielded the product 9
as a white amorphous solid (170 mg, 66%). TLC (SiO): Ry, 0.37 (7% ethyl acetate in
hexane); *H NMR (500 MHz, CDCls): § 9.63 (s, 1H), 8.29 (s, 1H), 7.83 (d, J = 8 Hz, 1H),
7.73 (d, J = 8.5 Hz, 1H), 7.50 — 7.46 (m, 2H), 7.36 (d, J = 3.5 Hz, 1H), 7.31 (t, J = 8 Hz, 1H),
7.21-7.18 (m, 1H), 6.82 (d, J = 4 Hz, 1H), 4.54 (t, J = 7 Hz, 2H), 4.49 (t, J = 7.5 Hz, 2H),
2.00-1.97 (m, 4H), 1.46-1.43 (m, 4H), 1.34-1.25 (m, 8H), 0.84-0.82 (m, 6H); **C NMR (125
MHz, CDCls): 6 161.8, 151.5, 149.8, 144.9, 140.9, 140.8, 129.2, 128.1, 126.8, 125.9, 125.3,
123.2, 122.1, 119.3, 118.4, 117.8, 115.9, 115.2, 114.8, 114.4, 112.6, 110.1, 110.0, 106.0,
45,5, 45.4, 31.6, 31.5, 30.9, 30.4, 30.2, 29.7, 26.8, 22.5, 14.0; HRMS (ESI-Orbitrap) m/z:
(M+H)" calcd for C33H37N,0,: 469.2850; Found: 469.2863.

Synthesis of 2-cyano-3-(5-(5,10-dihexyl-5,10-dihydroindolo[3,2-b]indol-3-yl)furan-2-yl)
acrylic acid (11D-3): A mixture of aldehyde 9 (150 mg, 0.32mmol), cyanoacetic acid (82 mg,
0.96mmol), ammonium acetate (123 mg, 1.6 mmol) in acetic acid (3.0 mL) was heated at
reflux for overnight under argon atmosphere. After cooling to room temperature, it was

precipitated by pouring in to water. Precipitate was washed with water and dried in vacuum
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oven. The product 11D-3 was obtained as a red solid (120 mg, 70%). m.p. 190-193 °C; 'H
NMR (500 MHz, Acetone): 6 8.73 (s, 1H), 8.09 (s, 1H), 7.95 (d, J = 8.0 Hz, 1H), 7.92 (d, J =
8.5 Hz, 1H), 7.76 (d, J = 9 Hz, 1H), 7.66 (d, J = 8.0 Hz, 1H), 7.57 (d, J = 3.5 Hz, 1H), 7.33 (t,
J=75Hz, 1H), 7.26 (d, J = 7.5 Hz, 1H), 7.18 (t, J = 7.5 Hz, 1H), 4.71 — 4.67 (m, 4H), 2.03-
1.97 (m, 4H), 1.49-1.43 (m, 4H), 1.36-1.21 (m, 8H), 0.85-0.79 (m, 6H); **C NMR (125 MHz,
CDCly): 6 163.8, 162.2, 147.4, 141.0, 137.5, 127.1, 121.9, 119.0, 118.5, 116.5, 110.7, 110.4,
107.5, 95.1, 44.9, 31.5, 31.4, 26.4, 26.2, 22.3, 13.3, 13.3; HRMS (ESI-Orbitrap) m/z: (M+H)"
calcd for CssH37N303: 535.2829; found: 535.2820.

Synthesis of 5-bromo-2-(2-nitrophenyl)-1H-indole (12): To a 100 mL schlenck flask were
added 5-bromoaniline (2 g, 10.2 mmol), compound 1-iodo-2-nitrobenzene (3 g, 12.2 mmol),
Pd(OAC); (114 mg, 5 mol%), K,CO3 (2.8 g, 20.2 mmol), and norbornene (1.9 g, 20.2 mmol).
The reaction vessel was degassed using vacuum pump and back filled with argon. This
procedure was repeated three times which was followed by addition of 0.5 molar solution of
H,O in DMA as solvent under argon atmosphere. The reaction mixture was stirred at 70 °C
for 48 h. The crude reaction mixture was then filtered through celite and extracted with ethyl
acetate. The organic layer was washed successively with water and brine which was then
dried over Na,SO,. Solvent removal was followed by column purification on silica gel to
obtain 12 as red coloured solid (2.2 g, 7.0 mmol, 70%). m.p. 134-136 °C; *H NMR (500
MHz, CDCls): 8.48 (s, 1H), 7.78 (d, J = 8 Hz, 1H), 7.70 (s, 1H), 7.62-7.57 (m, 2H), 7.45 (t, J
=7 Hz, 1H), 7.25 (d, J = 9 Hz, 1H), 7.19 (d, J = 4.5 Hz, 1H), 6.57 (s, 1H) ppm; *C NMR
(125 MHz, (CDCls) : 149.0, 135.5, 133.6, 132.4, 131.8, 129.9, 129.1, 126.5, 126.1, 124.5,
123.4, 113.6, 112.7, 103.9 ppm. HRMS (ESI-Orbitrap) m/z: (M-H)" calcd for C14HsBrN,O,:
314.9775, found: 314.9765.

Synthesis of 3-bromo-10-dodecyl-5,10-dihydroindolo[3,2-b]indole (13): To a stirred
solution of 12 (2 g, 6.30 mmol) in dry DMF was added NaH (2.26 g, 9.45 mmol) under
nitrogen atmosphere at 0 °C. The reaction mixture was then warmed to room temperature and
stirred for 30 minutes. The reaction mixture was cooled again to 0 °C and 1-bromododecane
(2.8 g, 7.56 mmol) was added dropwise and stirred at room temperature for 8 hours. Upon
completion, the reaction mixture was quenched by adding water slowly and then extracted
with EtOAc. The organic layer was washed successively with water and brine which was
then dried over anhydrous Na,SO,. After solvent removal, column purification was done on
silica gel to isolate the alkylated product as red coloured viscous oil (2.9 g, 5.29 mmol, 98%).
Rf: 0.48 (5% ethyl acetate in hexane) *H NMR (500 MHz, CDCl5): 7.98 (d, J = 8.5 Hz, 1H),
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7.66 (s, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.56 (t, J = 7.5 Hz, 1H), 7.45 (d, J = 7 Hz, 1H), 7.24 (d,
J =85 Hz, 1H), 7.18-7.15 (m, 1H), 6.32 (s, 1H), 3.83 (t, J = 7 Hz, 2H), 1.54-1.51 (m, 2H),
1.22-1.04 (m, 18H), 0.81 (t, J = 7 Hz, 3H) ) ppm; *C NMR (125 MHz, (CDCl;) : 150.0,
136.3, 135.6, 133.4, 132.6, 129.9, 127.3, 124.8, 124.4, 123.3, 113.0, 111.5, 102.0, 44.4, 31.9,
29.6, 29.6, 29.6, 29.5, 29.3, 29.0, 26.7, 22.7, 14.1 ppm. HRMS (ESI-Orbitrap) m/z: (M+H)*
calcd for CpeH3z4BrN,O,: 485.1804, found: 485.1802.

To this alkylated intermediate (2.9 g, 5.90 mmol) in DMA was added PPhs (3.86 g, 14.7
mmol) and stirred the reaction mixture for 24 h at 165 °C. After completion of the reaction,
the reaction mixture was extracted with ethyl acetate and washed successively with water and
brine. After solvent removal, column purification was done on silica gel to isolate the product
13 as colourless solid (2.4 g, 5.29 mmol, 90%). m.p. 74-76 °C; '"H NMR (500 MHz,
(CD3CO),): 10.38 (s, 1H), 7.95-7.92 (m, 2H), 7.59-7.56 (m, 2H), 7.34 (d, J = 8.5 Hz, 1H),
7.26 (t, J = 7.5 Hz, 1H), 7.16 (t, J = 7.5 Hz, 1H), 4.62 (t, J = 7 Hz, 2H), 2.01-1.96 (m, 2H),
1.44-1.39 ( m, 2H) 1.35-1.22 (m, 16H), 0.88 (t, J = 7.5 Hz, 3H) ppm; *C NMR (125 MHz,
(CDCls) : 141.3, 139.2, 127.9, 123.7, 123.6, 122.4, 120.2, 118.6, 117.7, 116.1, 114.8, 112.4,
111.6, 110.3, 44.8, 31.7, 30.2, 26.6, 22.4, 13.4 ppm. HRMS (ESI-Orbitrap) m/z: (M) calcd
for CoeH33BrN,: 452.1827, found: 452.1839.

Synthesis of 3-bromo-5,10-didodecyl-5,10-dihydroindolo[3,2-b]indole (14): To a stirred
solution of 13 (2.3 g, 5.07 mmol) in dry DMF was added NaH (182 mg, 7.60 mmol) under
nitrogen atmosphere at 0 °C. The reaction mixture was then warmed to room temperature and
stirred for 30 minutes. The reaction mixture was cooled again to 0 °C and 1-bromododecane
(1.51 g, 6.08 mmol) was added dropwise and stirred at room temperature for 8 hours. Upon
completion, the reaction mixture was quenched by adding water slowly and then extracted
with EtOAc. The organic layer was washed successively with water and brine which was
then dried over anhydrous Na,SO,. After solvent removal, column purification was done on
silica gel to isolate the alkylated product 14 as colourless solid (2.9 g, 4.66 mmol, 95%). m.p.
80-84 °C; 'H NMR (500 MHz, CDCls): 7.86 (s, 1H), 7.78 (d, J = 8 Hz, 1H), 7.41 (d, J = 8
Hz, 1H), 7.31-7.25 (m, 3H), 7.13 (t, J = 7.5 Hz, 1H), 4.41-4.37 (m, 4H), 1.92-1.87 (m, 4H),
1.38-1.18 (m, 36H), 0.82 (t, J = 7 Hz, 6H) ppm; **C NMR (125 MHz, (CDCls) : 140.8, 139.0,
126.8, 124.7, 124.0, 122.2, 120.0, 118.2, 117.9, 115.8, 114.3, 111.0, 110.8, 109.8, 45.5, 45.3,
31.9, 30.2, 29.6, 29.5, 29.5, 29.5, 29.4, 29.4, 29.3, 27.1, 22.7, 14.1 ppm. HRMS (ESI-
Orbitrap) m/z: (M)" calcd for CagHs7BrN,: 620.3705, found: 620.3683.
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Synthesis of 4-(5,10-didodecyl-5,10-dihydroindolo[3,2-b]indol-3-yl)benzaldehyde (15): A
mixture of 14 (100 mg, 0.16 mmol.), 4-formylphenylboronic acid (28 mg, 0.19 mmol),
Pd(PPh3)4 (18 mg, 10 mol%), K,CO3 (110 mg, 0.8 mmol) were weighed into a Schlenk tube
and degassed for 10 minutes. Degassed THF and water in a 3:1 ratio was then added and the
reaction mixture was purged with argon and allowed to stir at 70 °C for 24 hours. The solvent
was evaporated under vacuum and the residue on activated neutral alumina column
chromatography (with mixtures of ethyl acetate in hexane as eluent) yielded the product 15 as
a yellow coloured solid (72 mg, 0.11 mmol, 70%). m.p. 75-77 °C; 'H NMR (500 MHz,
CDCl3): 10.06 (s, 1H), 8.08 (s, 1H), 7.98 (t, J = 8.5 Hz, 2H), 7.88-7.84 (m, 3H), 7.59-7.57
(m, 1H), 7.54 (d, J =9 Hz, 1H), 7.48 (d, J =8 Hz, 1H), 7.33 (t, J=8 Hz, 1H), 7.19 (t, J= 7.5
Hz, 1H), 4.56-4.50 (m, 4H), 2.02-1.97 (m, 14H), 1.46-1.41 (m, 4H), 1.38-1.32 (m, 4H), 1.28-
1.19 (m, 28H), 0.88-0.84 (m, 6H) ppm. *C NMR (125 MHz, (CDCl5): 191.9, 148.7, 140.8,
140.5, 134.4, 130.4, 129.8, 127.6, 126.7, 126.0, 121.9, 121.0, 118.3, 117.8, 116.6, 115.2,
114.5, 110.2, 109.8, 45.5, 45.4. 31.9, 31.9, 30.3, 30.3, 29.6, 29.5, 29.4, 29.4, 29.4, 29.3, 27.2,
27.2,22.7. 14.1 ppm. HRMS (ESI-Orbitrap) m/z: (M)" calcd for C45Hg2N20: 646.4862, found:
646.4881.

Synthesis of 2-cyano-3-(4-(5,10-didodecyl-5,10-dihydroindolo[3,2-b]indol-3-
yl)phenyl)acrylic acid (11D-4): A mixture of aldehyde 15 (50 mg, 0.077 mmol), cyanoacetic
acid (20 mg, 0.23 mmol), ammonium acetate (30 mg, 0.38 mmol) in acetic acid was heated at
reflux overnight under argon atmosphere. After cooling to room temperature, it was
precipitated by pouring into water. The precipitate was washed with water and dried in
vacuum oven. The product 11D-4 was obtained as orange colored solid (44 mg, 0.062 mmol,
80%). m.p. 98-100 °C; *H NMR (500 MHz, CDCls): 8.27 (s, 1H), 8.09 (d, J = 8.5 Hz, 2H),
8.04 (s, 1H), 7.82-7.77 (m, 3H), 7.54 (d, J = 8.5 Hz, 1H), 7.48 (d, J =9 Hz, 1H), 7.42 (d, J =
8.5 Hz, 1H), 7.26 (t, J = 8 Hz, 1H), 7.13 (t, J = 8 Hz, 1H), 4.49-4.42 (m, 4H), 1.97-1.93 (m,
4H), 1.39-1.34 (m, 4H), 1.30-1.13 (m, 32H), 0.81-0.77 (m, 6H) ppm. *C NMR (125 MHz,
(CDCls): 166.7, 156.2, 148.2, 140.8, 140.6, 132.3, 129.2, 129.0, 127.6, 126.8, 125.9, 122.0,
120.8, 118.3, 117.8, 116.6, 115.6, 115.2, 114.4, 110.3, 109.9, 100.1, 45.6, 45.4, 31.9, 30.3,
29.6, 29.5, 29.5, 29.4, 29.3, 27.2, 27.2, 22.7, 14.1 ppm. HRMS (ESI-Orbitrap) m/z: (M)"
calcd for CsgHe3N30,: 713.4920, found: 713.4953.

Synthesis of 5-(5,10-didodecyl-5,10-dihydroindolo[3,2-b]indol-3-yl)thiophene-2-
carbaldehyde (16): A mixture of 14 (100 mg, 0.16 mmol.), 5-Formyl-2-thiopheneboronic
acid (30 mg, 0.19 mmol), Pd(PPhs)s (18 mg, 10 mol%), K,CO3 (110 mg, 0.8 mmol) were
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weighed into a Schlenk tube and degassed for 10 minutes. Degassed THF and water in a 3:1
ratio was then added and the reaction mixture was purged with argon and allowed to stir at 70
°C for 24 hours. The solvent was evaporated under vacuum and the residue on activated
neutral alumina column chromatography (with mixtures of ethyl acetate in hexane as eluent)
yielded the product 16 as a yellow coloured solid (57 mg, 0.087 mmol, 55%). m.p. 58-60 °C;
'"H NMR (500 MHz, CDCls): 9.81 (s, 1H), 8.06 (s, 1H), 7.76 (d, J = 8 Hz, 1H), 7.68 (d, J = 4
Hz, 1H), 7.54-7.52 (m, 1H), 7.42-7.39 (m, 2H), 7.35 (d, J = 4 Hz, 1H), 7.23 (t, J = 8 Hz, 1H),
7.12 (t, J=7.5Hz, 1H), 4.46-4.41 (m, 4H), 1.95-1.88 (m, 4H), 1.39-1.14 (m, 36H), 0.81-0.77
(m, 6H) ppm. **C NMR (125 MHz, (CDCls): 181.6, 155.9, 140.1, 139.8, 136.8, 128.2, 125.9,
124.7,122.3,121.6, 121.1, 119.1, 117.3, 116.8, 115.0, 113.9, 113.4, 109.2, 108.9, 44.5, 44.4,
30.8, 29.3, 29.2, 28.6, 28.5, 28.5, 28.4, 28.3, 28.3, 26.2, 26.1, 21.7, 13.1 ppm. HRMS (ESI-
Orbitrap) m/z: (M+H)" calcd for C43Hg1BrN,OS: 653.4505, found: 653.4517

Synthesis of (2-cyano-3-(5-(5,10-didodecyl-5,10-dihydroindolo[3,2-b]indol-3-
yDthiophen-2-ylacrylic acid (11D-5): A mixture of aldehyde 16 (50 mg, 0.076 mmol),
cyanoacetic acid (20 mg, 0.23 mmol), ammonium acetate (30 mg, 0.38 mmol) in acetic acid
was heated at reflux overnight under argon atmosphere. After cooling to room temperature, it
was precipitated by pouring into water. The precipitate was washed with water and dried in
vacuum oven. The product 11D-5 was obtained as red coloured solid (38 mg, 0.053 mmol,
75%) m.p. 140-142 °C; *H NMR (500 MHz, (CD3); CO): 8.32 (s, 1H), 8.27 (s, 1H), 7.88 (d, J
=4 Hz, 1H), 7.81 (d, J = 7.5 Hz, 1H), 7.61-7.60 (m, 3H), 7.50 (d, J = 8 Hz, 1H), 7.18 (t, J =
7.5 Hz, 1H), 7.03 (t, J = 7.5 Hz, 1H), 4.57-4.51 (m, 4H), 1.89-1.86 (m, 4H), 1.35-1.29 (m,
4H), 1.25-1.04 (m, 32H), 0.73-0.69 (m, 6H) ppm. *C NMR (125 MHz, (CD3), CO): 165.3,
156.4, 146.5, 141.0, 140.7, 133.7, 126.8, 125.7, 123.4, 123.2, 122.2, 120.3, 118.4, 118.0,
116.0, 115.0, 114.4, 110.8, 110.1, 45.0, 44.8, 31.7, 30.1, 30.0, 29.7, 26.7, 26.7, 22.4, 13.5
ppm. HRMS (ESI-Orbitrap) m/z: (M+H)" calcd for CssHgN3O,S: 720.4563, found:
720.4572.

Synthesis of 5-(5,10-didodecyl-5,10-dihydroindolo[3,2-b]indol-3-yl)furan-2-
carbaldehyde (17): A mixture of 14 (100 mg, 0.16 mmol.), 5-Formyl-2-furanylboronic acid
(22 mg, 0.19 mmol), Pd(PPh3)4 (18 mg, 10 mol%), K,CO3 (110 mg, 0.8 mmol) were weighed
into a Schlenk tube and degassed for 10 minutes. Degassed THF and water in a 3:1 ratio was
then added and the reaction mixture was purged with argon and allowed to stir at 70 °C for 24
hours. The solvent was evaporated under vacuum and the residue on activated neutral

alumina column chromatography (with mixtures of ethyl acetate in hexane as eluent) yielded
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the product 17 as a yellow coloured solid (61 mg, 0.096 mmol, 60%). m.p. 62-64 °C; 'H
NMR (500 MHz, CDCls): 9.57 (s, 1H), 8.22 (s, 1H), 7.76 (d, J = 7.5 Hz, 1H), 7.67 (d, J =9
Hz, 1H), 7.42 (d, J = 8.5 Hz, 2H), 7.30 (d, J = 3.5 Hz, 1H),7.26 (t, J = 8 Hz, 1H), 7.12 (t, J =
7.5 Hz, 1H), 6.72 (d, J = 4 Hz, 1H), 4.49-4.42 (m, 4H), 1.95-1.90 (m, 14H), 1.37-1.31 (m,
4H), 1.27-1.13 (m, 32H), 0.81-0.77 (m, 6H) ppm. *C NMR (125 MHz, (CDCls): 161.8,
151.6, 140.9, 140.7, 126.8, 125.9, 122.1, 119.3, 118.4, 117.8, 115.1, 114.8, 114.3, 110.0,
110.0, 106.0, 45.5. 45.4, 31.9, 30.3, 0.2, 29.6, 29.5, 29.5, 29.5, 29.4, 29.4, 29.4, 29.3, 27.1,
22.6, 14.1 ppm. HRMS (ESI-Orbitrap) m/z: (M+H)" calcd for Cs3HeiN,O,: 637.473, found:
637.4736.

Synthesis of 2-cyano-3-(5-(5,10-didodecyl-5,10-dihydroindolo[3,2-b]indol-3-yl)furan-2-
yDacrylic acid (I11D-6): A mixture of aldehyde 17 (50 mg, 0.078 mmol), cyanoacetic acid
(20 mg, 0.23 mmol), ammonium acetate (30 mg, 0.39 mmol) in acetic acid was heated at
reflux overnight under argon atmosphere. After cooling to room temperature, it was
precipitated by pouring into water. The precipitate was washed with water and dried in
vacuum oven. The product 11D-6 was obtained as red coloured solid (35 mg, 0.056 mmol,
70%). m.p. 168-170 °C; *H NMR (500 MHz, (CD3),SO): 8.56 (s, 1H), 8.05 (s, 1H), 7.90 (d, J
= 7.5 Hz, 1H), 7.83 (d, J = 8.5 Hz, 1H), 7.75 (d, J = 9 Hz, 1H), 7.64 (d, J = 8 Hz, 1H), 7.56
(d, =3 Hz, 1H), 7.34 (d, J = 3.5 Hz, 1H), 7.28 (t, J = 7.5 Hz, 1H), 7.14 (t, J = 7.5 Hz, 1H),
7.14 (t, J = 7.5 Hz, 1H), 4.60-4.58 (m, 4H), 1.88-1.82 (m, 4H), 1.25-1.05 (m, 36H), 0.82-0.79
(m, 6H) ppm. *C NMR (125 MHz, (CDs),SO): 164.8, 161.6, 147.2, 141.1, 140.9, 137.7,
126.6, 126.0, 122.5, 119.5, 119.2, 118.8, 118.3, 117.6, 115.6, 114.7, 114.4, 111.5, 110.9,
108.6, 45.2, 44.8, 31.7, 30.1, 29.4, 29.3, 29.2, 29.2, 29.1, 29.1, 29.0, 29.0, 26.5, 26.3, 22.5,
14.4. ppm. HRMS (ESI-Orbitrap) m/z: (M)" calcd for CusHsiN3Os: 703.4713, found:
703.4704.

Synthesis of 5-bromo-3-(2-nitrophenyl)-1H-indole (20): A solution of 5-bromoindole (2 g,
10.2 mmol), 2-iodonitrobenzene (3 g, 12.24 mmol), Pd(OAc); (229 mg., 10 mol%), K,CO3
(2.1 g, 15.3 mmol) in dioxane was degassed and the reaction mixture was stirred at 1100C for
72 hour. It was then cooled and passed through celite, extracted with ethyl acetate. Organic
layer was washed with water, dried over sodium sulphate and evaporated the solvent. The
residue obtained was subjected to column chromatography to obtain 20 as red coloured solid
(1.94 g, 6.11 mmol, 60%). m.p. 100-102 °C. *H NMR (500 MHz, CDCl5): 8.44 (s, 1H), 7.87
(d, J = 85 Hz, 1H), 7.68-7.63 (m, 3H), 7.51-7.32 (m, 3H) ppm. *C NMR (125 MHz,
(CDCl3): 150.0, 134.6, 132.5, 132.1, 128.3, 128.2, 127.7, 125.8, 124.5, 124.1, 121.6, 114.1,

83



Chapter 2

113.0, 112.1 ppm. HRMS (ESI-Orbitrap) m/z: (M+H)" calcd for Cy4H10BrN,O,: 316.9926,
found: 316.9935.

Synthesis of 2-bromo-5,6-dihydroindolo[2,3-b]indole (21): To compound 20 (1.5 g, 4.72
mmol) in DMA was added PPh3 (3.09 g, 11.82 mmol) and stirred the reaction mixture for 24
h at 165 °C. After completion of the reaction, the reaction mixture was extracted with ethyl
acetate and washed successively with water and brine. After solvent removal, column
purification was done on silica gel to isolate the product 21 as colourless solid (737 mg, 2.59
mmol, 55%). m.p. > 240 °C. *H NMR (500 MHz, (CDsCO); ): 10.44 (s, 1H), 10.34 (s, 1H),
7.86 (s, 1H), 7.77 (d, J = 7.5 Hz, 1H), 7.31 (d, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 1H), 7.06-
7.01 (m, 2H) ppm. °C NMR (125 MHz, (CDCly): 145.2, 139.2, 137.7, 124.2, 122.2, 121.6,
120.0, 119.9, 118.0, 113.0, 112.3, 111.6, 100.3 ppm. HRMS (ESI-Orbitrap) m/z: (M)" calcd
for Ci14HgBrN,: 283.9949, found: 283.9954.

Synthesis of 2-bromo-5,6-didodecyl-5,6-dihydroindolo[2,3-b]indole (22): To a stirred
solution of 21 (700 mg, 2.46 mmol) in dry DMF was added NaH (88 mg, 3.69 mmol) under
nitrogen atmosphere at 0 °C. The reaction mixture was then warmed to room temperature and
stirred for 30 minutes. The reaction mixture was cooled again to 0 °C and 1-bromododecane
(735 mg, 2.95 mmol) was added dropwise and stirred at room temperature for 8 hours. Upon
completion, the reaction mixture was quenched by adding water slowly and then extracted
with EtOAc. The organic layer was washed successively with water and brine which was
then dried over anhydrous Na,SO,. After solvent removal, column purification was done on
silica gel to isolate the alkylated product 22 as colourless solid (1.4 g, 2.25 mmol, 97%). m.p.
68-70 °C. *H NMR (500 MHz, CDCls): 7.98 (s, 1H), 7.86 (d, J = 7 Hz, 1H), 7.38 (d, J = 8
Hz, 1H), 7.29-7.22 (m, 4H), 1.46-1.27 (m, 36H), 1.93-1.84 (m, 4H), 1.46-1.27 (m, 36H),
0.92-0.89 (m, 6H) ppm.**C NMR (125 MHz, (CDCls): 144.6, 139.6, 138.2, 123.6, 121.8,
121.7, 120.7, 120.3, 120.0, 118.3, 113.1, 110.5, 109.3, 100.4, 44.4, 44.2, 31.9, 30.4, 30.4,
29.6, 29.6, 29.5, 29.5, 29.4, 27.0, 22.7, 14.1 ppm. HRMS (ESI-Orbitrap) m/z: (M)" calcd for
CasHs7BrN,: 620.3705, found: 620.3714.

Synthesis of 4-(5,6-didodecyl-5,6-dihydroindolo[2,3-b]indol-2-yl)benzaldehyde (23): A
mixture of 22 (100 mg, 0.16 mmol.), 4-formylphenylboronic acid (28 mg, 0.19 mmol),
Pd(PPhs), (18 mg, 10 mol%), K,CO3 (110 mg, 0.8 mmol) were weighed into a Schlenk tube
and degassed for 10 minutes. Degassed THF and water in a 3:1 ratio was then added and the

reaction mixture was purged with argon and allowed to stir at 70 °C for 24 hours. The solvent
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was evaporated under vacuum and the residue on activated neutral alumina column
chromatography (with mixtures of ethyl acetate in hexane as eluent) yielded the product 23 as
a yellow coloured solid (68 mg, 0.10 mmol, 65%). m.p. 64-66 °C. 'H NMR (500 MHz,
CDCls): 10.0 (s, 1H), 8.06 (d, J = 1.5 Hz, 1H), 7.91 (d, J = 8 Hz, 2H), 7.86-7.83 (m, 3H),
7.41 (dd, J, = 8.5 Hz, J, = 2 Hz, 1H), 7.36 (d, J = 8.5 Hz, 1H), 7.31 (d, J = 8 Hz, 1H), 7.21-
7.14 (m, 2H), 4.3-4.28 (m, 4H), 1.86-1.81 (m, 4H), 1.38-1.18 (m, 36H), 0.82-0.79 (m, 6H)
ppm. *C NMR (125 MHz, (CDCls): 192.2, 148.9, 144.7, 139.7, 139.6, 134.4, 131.8, 130.0,
127.8, 122.6, 121.9, 120.2, 119.8, 118.9, 118.3, 117.1, 109.6, 109.4, 101.1, 44.4, 44.3, 31.9,
30.5, 30.5, 29.6, 29.6, 29.5, 29.4, 29.4, 27.1, 22.7, 14.1 ppm. HRMS (ESI-Orbitrap) m/z:
(M+H)" calcd for Cys5HgsN20: 647.4940, found: 647.4943,

Synthesis of 2-cyano-3-(4-(5,6-didodecyl-5,6-dihydroindolo[2,3-b]indol-2-
yl)phenyl)acrylic acid (11D-7): A mixture of aldehyde 23 (50 mg, 0.077 mmol), cyanoacetic
acid (20 mg, 0.23 mmol), ammonium acetate (30 mg, 0.38 mmol) in acetic acid was heated at
reflux overnight under argon atmosphere. After cooling to room temperature, it was
precipitated by pouring into water. The precipitate was washed with water and dried in
vacuum oven. The product 11D-7 was obtained as orange coloured solid (38 mg, 0.053 mmol,
75%). m.p. 142-144 °C. *H NMR (500 MHz, (CD3CO),): 8.25 (d, J = 10 Hz, 2H), 8.10 (d, J
=8 Hz, 2H), 7.94 (d, J = 8 Hz, 2H), 7.89 (d, J = 7 Hz, 1H), 7.53-7.48 (m, 2H), 7.40 (d, J = 8
Hz, 1H), 7.09-7.03 (m, 2H), 4.46-4.39 (m, 4H), 1.86-1.80 (m, 4H), 1.39-1.13 (m, 36H), 0.75-
0,72 (m, 6H) ppm. *C NMR (125 MHz, ((CDsCO),): 154.3, 148.1, 147.4, 144.8, 140.1,
139.8, 131.7, 131.0, 129.6, 127.4, 122.7, 121.9, 119.9, 119.7, 118.6, 118.2, 116.6, 110.2,
109.7, 101.0, 44.1, 44.0, 31.7, 30.2, 30.2, 26.6, 22.4, 13.4 ppm. HRMS (ESI-Orbitrap) m/z:
(M+H)" calcd for CugHgsN3O,: 714.4999, found: 714.5001.

Synthesis of 5-(5,6-didodecyl-5,6-dihydroindolo[2,3-b]indol-2-yl)thiophene-2-
carbaldehyde (24): A mixture of 22 (100 mg, 0.16 mmol.), 5-Formyl-2-thiopheneboronic
acid (30 mg, 0.19 mmol), Pd(PPh3), (18 mg, 10 mol%), K,CO3; (110 mg, 0.8 mmol) were
weighed into a Schlenk tube and degassed for 10 minutes. Degassed THF and water in a 3:1
ratio was then added and the reaction mixture was purged with argon and allowed to stir at 70
°C for 24 hours. The solvent was evaporated under vacuum and the residue on activated
neutral alumina column chromatography (with mixtures of ethyl acetate in hexane as eluent)
yielded the product 24 as a yellow coloured solid (58 mg, 0.089 mmol, 55%). m.p. 88-90 °C.
'H NMR (500 MHz, CDCl5): 9.82 (s, 1H), 8.09 (s, 1H), 7.85 (d, J = 7.5 Hz, 1H), 7.70 (d, J =
3.5 Hz, 1H), 7.45 (d, J = 7.5 Hz, 1H), 7.40 (d, J = 3.5 Hz, 1H), 7.32-7.30 (m, 2H), 7.23-7.15
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(m, 2H), 4.32-4.28 (m, 4H), 1.86-1.80 (m, 4H), 1.39-1.17 (m, 36 H), 0.82-0.79 (m, 6H) ppm.
13C NMR (125 MHz, (CDCly): 182.7, 157.2, 144.8, 141.2, 140.2, 139.6, 137.9, 125.2, 123.0,
122.5, 121.7, 120.3, 120.0, 118.4, 118.2, 116.2, 109.7, 109.4, 101.0, 44.5, 44.3, 31.9, 30.5,
29.6, 29.6, 29.5, 29.4, 29.3, 27.1, 22.7, 14.1 ppm. *C NMR (125 MHz, (CDCls): 176.9,
161.8, 151.6, 144.7, 140.1, 139.6, 122.2, 121.7, 121.1, 120.4, 120.0, 118.6, 117.3, 115.5,
109.5, 109.4, 106.3, 101.2, 44.5, 44.3, 31.9, 30.5, 29.6, 29.6, 29.5, 29.4, 29.3, 27.1, 27.1,
22.7,14.1 ppm. HRMS (ESI-Orbitrap) m/z: (M+H)" calcd for C43HeiN,OS: 653.4505, found:
653.4506.

Synthesis of 2-cyano-3-(5-(5,6-didodecyl-5,6-dihydroindolo[2,3-b]indol-2-yl)thiophen-2-
yDacrylic acid (11D-8): A mixture of aldehyde 24 (50 mg, 0.076 mmol), cyanoacetic acid
(20 mg, 0.23 mmol), ammonium acetate (30 mg, 0.38 mmol) in acetic acid was heated at
reflux overnight under argon atmosphere. After cooling to room temperature, it was
precipitated by pouring into water. The precipitate was washed with water and dried in
vacuum oven. The product 11D-8 was obtained as red coloured solid (39 mg, 0.054 mmol,
70%). m.p. 154-156 °C. . *H NMR (500 MHz, (CDsCO),): 8.32 (s, 1H), 8.23 (s, 1H), 7.88-
7.85 (m, 2H), 7.65 (d, J = 4 Hz, 1H), 7.52-7.47 (m, 2H), 7.40 (d, J = 7.5 Hz, 1H), 7.10-7.04
(m, 2H), 4.45-4.38 (m, 4H), 1.87-1.78 (m, 4H), 1.39-1.13 (m, 36H), 0.75-0.72 (m, 6H) ppm.
3C NMR (125 MHz, (CDsCO),): 157.1, 146.7, 145.0, 140.8, 140.7, 140.0, 133.7, 124.9,
1235, 122.5, 121.7, 120.1, 120.0, 118.2, 118.2, 115.8, 110.5, 109.8, 100.8, 44.1, 43.9, 31.7,
30.3, 30.2, 26.7, 22.4, 135 ppm. HRMS (ESI-Orbitrap) m/z: (M+H)" calcd for
C46Hs2BrN30,S: 720.4563, found: 720.4581.

Synthesis of 5-(5,6-didodecyl-5,6-dihydroindolo[2,3-b]indol-2-yl)furan-2-carbaldehyde
(25): A mixture of 22 (100 mg, 0.16 mmol.), 5-Formyl-2-furanylboronic acid (22 mg, 0.19
mmol), Pd(PPh3); (18 mg, 10 mol%), K,CO3; (110 mg, 0.8 mmol) were weighed into a
Schlenk tube and degassed for 10 minutes. Degassed THF and water in a 3:1 ratio was then
added and the reaction mixture was purged with argon and allowed to stir at 70 °C for 24
hours. The solvent was evaporated under vacuum and the residue on activated neutral
alumina column chromatography (with mixtures of ethyl acetate in hexane as eluent) yielded
the product 25 as a yellow coloured solid (41 mg, 0.064 mmol, 40%). m.p. 74-76 °C. 'H
NMR (500 MHz, CDCl5): 9.58 (s, 1H), 8.26 (s, 1H), 7.90 (d, J = 7.5 Hz, 1H), 7.61 (d, J = 8.5
Hz, 1H), 7.33-7.30 (m, 3H), 7.23-7.15 (m, 2H), 6.81 (d, J = 3 Hz, 1H), 4.30 (g, J = 8.5 Hz,
4H), 1.84-1.81 (m, 4H), 1.38-1.17 (m, 36H), 0.80 (t, J = 7 Hz, 3H), HRMS (ESI-Orbitrap)
m/z: (M+H)" calcd for Cs3Hs1N2O,: 637.4728, found: 637.4723.
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Synthesis of (2-cyano-3-(5-(5,6-didodecyl-5,6-dihydroindolo[2,3-b]indol-2-yl)furan-2-
yDacrylic acid (11D-9): A mixture of aldehyde 25 (50 mg, 0.078 mmol), cyanoacetic acid
(20 mg, 0.23 mmol), ammonium acetate (30 mg, 0.39 mmol) in acetic acid was heated at
reflux overnight under argon atmosphere. After cooling to room temperature, it was
precipitated by pouring into water. The precipitate was washed with water and dried in
vacuum oven. The product 11D-9 was obtained as red coloured solid (41 mg, 0.058 mmol,
74%). m.p. 190-192 °C. *H NMR (500 MHz, (CD3CO),): 8.52 (s, 1H), 7.94 (s, 1H), 7.86 (d,
J =75 Hz, 1H), 7.70 (d, J = 8.5 Hz, 1H), 7.52 (d, J = 8.5 Hz, 1H), 7.43-7.40 (m, 2H), 7.15
(d, J = 3 Hz, 1H), 7.10-7.04 (m, 2H), 4.46-4.43 (m, 4H), 1.86-1.80 (m, 4H), 1.38-1.13 (m,
36H), 0.74-0.72 (m, 6H) ppm. *C NMR (125 MHz, (CDsCO),): 163.6, 162.2, 147.1, 144.8,
140.6, 140.0, 137.5, 122.2, 121.7, 120.9, 120.2, 119.9, 118.2, 117.1, 116.5, 115.6, 110.3,
109.8, 107.8, 101.0, 95.3, 44.1, 43.9, 31.8, 30.3, 30.3, 26.7, 22.4, 13.5 ppm. HRMS (ESI-
Orbitrap) m/z: (M+H)" calcd for CssHgoN3O3: 704.4791, found: 704.4816.
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CHAPTER 3

_________________________________________________________________________________________________________________|
Design, Synthesis and Characterization of Benzothienoindole Donor based

Photosensitizers for DSSC Applications

Abstract

Herein, we tried to explore the potential of benzothienoindole unit as donor in development
of sensitizers for DSSC application. In chapter 3A, we successfully synthesized three new D-
n-A organic dyes based on benzothieno[3,2-b]indole as donor and by varying the n-spacer
unit with benzene (BID-1), thiophene (BID-2) and furan (BID-3). With judicious selection of
the m-spacer, optical properties can be controlled in a way to realize improved photovoltaic
performance. Furan substituted dye; BID-3 showcased the best performance with a PCE of
4.11%. The efficiency value increased in the order BID-1 (1.16%) < BID-2 (3.10%) < BID-3
(4.11%). Detailed interfacial electrical measurements along with theoretical calculations were
performed to disclose the mechanism of back electron transfer and improvement in
photovoltaic performance with respect to variation in both donor and m-spacer. A similar
investigation approach was adopted for benzothieno[2,3-b]indole donor based D-n-A dyes.
The dyes thus constructed BID-4, BID-5, and BID-6 with benzene, thiophene and furan
spacers respectively are included in chapter 3B. Here also the dye BID-6 with furan as the
spacer outperformed the rest with PCE of 4.15% and the least efficiency was delivered by
BID-4 with 2.29%.

NC
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Chapter 3

3.1 Introduction

A plethora of reports on different aspects of dye sensitizer development is available owing to
the importance of sensitizer as a key component in DSSC. The list extends from the
development of novel molecular architecture to the strategical incorporation/assembling of
sensitizer components either explored/novel in an established molecular architecture.
Exploration of novel scaffolds as sensitizer components has always got its own relevance.
Aryl amines, carbazoles and indoles are the commonly used donors in high performing
DSSCs.* There is a need to develop alternate units with higher donor strength, more
capability to reduce aggregation and to prevent recombination and which can be made with
simple synthetic routes. In the previous chapter we reported dyes based on indoloindoles as
donors. We could device methods for the facile synthesis of indolo[3,2-b]indole as well as
indolo[2,3-b]indole and could demonstrate the use of these fused indole motifs as donor units
in donor-rt spacer-acceptor molecular architecture. A systematic investigation of r-spacer as
well as alkyl chain length could provide new insights towards balanced current-voltage
scenario which could lead to improved device performance. As a continuation of our quest for
new donor motifs, specifically indole fused heteroacenes, we decided to investigate another
heteroacene which is benzothienoindole. When our developed synthetic methodology via
sequential multicomponent reaction-oxidation strategy helped us to construct
benzothieno[3,2-b]indole units, reported strategies were adopted for the construction of

benzothieno[2,3-b]indole which is the another isomer of the former.

Benzothieno[3,2-b]indole, is an electron rich fused ring planar system which can serve as a
good donor functionality in metal free organic sensitizers. Very recently, Lee and Hong
reported the use of benzothieno[3,2-b]indole as a hole transport unit in the fabrication of
OLEDs.® Unlike indolo[3,2-b]indole, benzothieno[3,2-b]indole is an under explored tetracene
and to the best of our knowledge, this moiety has not been explored till date for photovoltaic
applications. Similar is the case with its another isomer, benzothieno[2,3-b]indole. Apart from
the work done by Lee et al. in 2019, where they developed TADF emitters utilizing
benzothieno[2,3-b]indole core, significant exploration of these systems in material side or
photovoltaic field is not explored to date.® Here we attempted to utilize these systems in
sensitizer development by employing a donor-rn-spacer-acceptor molecular architecture with

systematic detailed investigations on the effect of different n-linker on device performance.
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Chapter 3A Investigation of Benzothieno[3,2-b]indole Donor based D-n—A
Dyes for DSSC

3.2 Synthesis and Characterization

The target molecules BID-1, BID-2, and BID-3 were synthesized by following a five-step
synthetic strategy. We commenced the synthesis with the nitration of 5-bromobenzothiophene
by following reported protocols. Compound 1 was subjected to a one-pot MCR/oxidation
process to afford benzothieno[3,2-b]indole (4) in 70% yield. The n-spacer was then attached
to the donor moiety 4 by Suzuki reaction of 4-formyl phenyl boronic acid, (5-formylthiophen-
2- yl)boronic acid and (5-formylfuran-2-yl)boronic acid to afford the molecules 5, 6 and 7
respectively. Finally, the acceptor part was attached to 5 6 and 7 via Knoevenagel
condensation with cyanoacetic acid furnishing the dyes BID-1, BID-2, and BID-3
respectively. The entire synthetic route for BID-1, BID-2, and BID-3 starting from 4 is given
in Scheme 3.1. We have drawn the terminal double bonds of BID dyes in E-configuration by

following the DFT results.

1.4A MS, toluene  Br. W
\@ _80°C.12h O \N
Hz 2. Chloranil, toluene S O

100°C, 24 h

OHCOB(OH)Z
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= . ‘
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Scheme 3.1 Synthetic route adopted for benzothieno[3,2-b]indole based dyes BID-1, BID- 2
and BID-3
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3.3 Computational Studies

A better knowledge on molecular geometry along with electron density distribution will pave
the way towards deeper understanding of interfacial electron transfer dynamics in dye-
sensitized solar cells. Additionally, the dihedral angle between the donor and =m-spacer
determines the dipole moment which is critical in determining the extend of donor-acceptor
interactions in D-n-A organic dyes. The minimum energy structures of BID-1, BID-2, and
BID-3 are determined by density functional theory (DFT) calculations at B3LYP/cc-pVDZ
level and are given in Figure 3.1. These structures show large variation in the twist angle (6)
between the aromatic moieties; BID-3 with furan as n-spacer has the lowest 0 (7.0°) followed
by BID-2 with thiophene (17.6°) and BID-1 with phenyl (35.4°) moieties as m-spacers. The
large variation in O can significantly influence the m-electron distribution along the D-n-A
framework. BID-3 with a larger dipole moment of 3.8D clearly provides improved charge
separation in comparison to BID-2 (2.2D) and BID-1 (1.9D). Further, a highly twisted
structure such as BID-1 is expected to show large difference in molecular packing compared

to a nearly planar BID-3. Additionally, it also hampers efficient donor-acceptor interactions.

The absorption spectra of BID-1, BID-2, and BID-3 are calculated with the TD-DFT
approach using the CAM-B3LYP/cc-pVDZ method in conjunction with the self-consistent
reaction field method to include solvation effect of dichloromethane. The calculated Amax 345
and 397 nm for BID-1 and BID-2 respectively agrees well with their corresponding
experimental values of 350 and 406 nm. In the case of BID-3, the calculated Amax 399 Nm is in
reasonable agreement with the experimental value 420 nm. Good agreement between the
trends in extinction coefficient and trends in the calculated oscillator strength is also observed
(Table 3.1). Schematic representation of electronic distributions observed in frontier orbitals
of benzothieno[3,2-b]indole based dyes at B3LYP/cc-pVDZ level along with MO energy and
band gap values in eV are depicted in Figure 3.2. The molecular orbital (MO) composition
corresponding to Amax indicates that the HOMO-1 to LUMO contribution is dominating n—m*
transition for BID-2 and BID-3 whereas in BID-1 with phenyl as the m-spacer, the
contributions from HOMO, HOMO-1 and HOMO-2 to LUMO are almost equal. In all cases,
HOMO is distributed exclusively on the donor site while the LUMO is distributed largely on
the m-spacer and acceptor unit which helps in efficient charge injection from dye excited state
to semiconductor. The HOMO-1 of BID-1 is more expressed at donor site than the m-A
region compared to BID-2 and BID-3 dyes. The HOMO-2 of all the three molecules show a
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more delocalized distribution over the D-n-A region. The frontier MO analysis suggests that
the electronic transition corresponding to the absorption peak possess significant charge
transfer character as the ground state electron density is mostly localized in the donor site is
promoted to the m-A region in the excited state.
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Figure 3.1 Energy minimized structures of benzothieno[3,2-b]indole based dyes with
corresponding dihedral angles between the donor and m-spacers.
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Figure 3.2 Schematic representation of electronic distributions observed in frontier orbitals of
benzothieno[3,2-b]indole based dyes at B3LYP/cc-pVDZ level. MO energy and band gap
values in eV are also depicted.
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Table 3.1 Absorption maxima, oscillator strength, percentage contributions of orbital density,
and dipole moments calculated at CAM-B3LYP/cc-pVDZ level

)\'max f
(nm)
BID-1 345 1.18 HOMO — LUMO
(3.59 eV) (23.62%)
HOMO-1 — LUMO
(25.86%)
HOMO-2 — LUMO
(29.44%)
BID-2 397 (3.12 eV) 0.99 HOMO — LUMO 2.2
(23.62%)
HOMO-1 — LUMO
(51.13%)
HOMO-2 — LUMO
(19.87%)
BID-3 399 (3.12 eV) 0.74 HOMO — LUMO 38
(24.89%)
HOMO-1 — LUMO
(55.46%)
HOMO-2 — LUMO
(15.23%)

Dyes Composition

il
(Debye)
19

3.4 Photophysical Properties

The absorption spectra of dyes BID-1, BID-2 and BID-3 in CHCI3 are shown in Figure 3.3
(@) and the corresponding data is listed in Table 3.2. All the three sensitizers exhibited
absorption in the range of 300-520 nm. The absorption profile of BID-2 and BID-3 consists
of three prominent bands. The bands at 300-360 nm wavelength is attributed to localized 7-r"
transitions and the bands positioned at lower energy wavelength regions can be attributed to
the intramolecular charge transfer (ICT) transitions between donor and terminal acceptor
units, respectively. In case of BID-2 and BID-3, the ICT bands exhibited molar extinction
coefficient of 31060 Mcm™ and 28560 M™cm™ respectively. The absorption spectrum of
BID-1 is blue shifted compared to that of the other two dyes and is also not exhibiting
significant intramolecular charge transfer band, which can be an indication of the interrupted
delocalization between donor and acceptor moieties. The absorption spectra got red shifted on
changing the m-spacer from benzene to furan via thiophene which is augmented by the
dihedral angle between the donor and m-spacer unit which got decreased in the order 35.4°
(benzene) > 17.6° (thiophene) > 7.0° (furan). With a more planar geometry in thiophene and
furan substituted dyes, BID-2 and BID-3 showcased improved charge transfer properties

leading to enhanced light harvesting. Absorption spectra of the compounds on TiO, are
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shown in Figure 3.3 (b). The trend observed in the solution state absorption is also followed
in the absorption spectra on TiO,, thiophene substituted dye BID-2 leading the trend with
improved light harvesting and lower absorption capability was showcased by BID-1 with

much blue shifted absorption.
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Figure 3.3 (a) Absorption spectra of dyes in THF. (b) Absorption spectra of dyes on TiO..

Table 3.2 Photophysical and electrochemical data of BID dyes V vs. NHE

Sensitizer A nm_ E Fc+) Enomo Eo- ELumo

(a,mﬁi;lcm " NG R

BID-1 350 0.61 1.24 2.90 -1.66
(37660)

BID-2 406 0.65 1.28 2.58 -1.30
(31060)

BID-3 420 0.62 1.25 2.54 -1.29
(28560)

3.5 Electrochemical Properties

To investigate the molecular energy levels, cyclic voltammetry measurements were
performed in CH,CI,, using tetrabutylammonium hexafluorophosphate (0.1 M) as the
supporting electrolyte, Ag/AgCI as reference electrode, Pt as working and counter electrode
and ferrocene as internal standard at 0.63 V vs. NHE (Figure 3.4). The oxidation potentials of
BID-1, BID-2, and BID-3 were calculated with respect to ferrocene and were converted to

NHE using the equation, Exomo = [Eox(rerer) + 0.63 V]. LUMO level (E umo) was calculated
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as the difference Exomo - Eo—o. Eo—o (band gap) was determined from the tangent intercept of
absorption edges. All photophysical and electrochemical values are tabulated in Table 3A.2
The HOMO level of BID-1, BID-2 and BID-3 were observed to be 1.24 V, 1.28 V and 1.25
V vs. NHE. In all the three dyes, the donor unit being the same (benzothieno[3,2-b]indole)
and HOMO being exclusively distributed on the donor site, very less change in the ground

state oxidization potential was observed.
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Figure 3.4 Cyclic voltammogram of BID-1, BID-2, and BID-3 dyes in dichloromethane.

The schematic representation of dye energy levels along with TiO, conduction band and
electrolyte redox potential are represented in Figure 3.5. The ground state redox potentials for
all the BID dyes were substantially more positive than that of iodide/triiodide redox potential
(0.4 V vs. NHE), indicating that regeneration is energetically favorable in all the three dyes.
The optical transition energies (Eo o) of BID-1, BID-2 and BID-3 were 2.9 eV, 2.58 eV and
2.54 eV respectively. The LUMO energy levels were determined by subtracting Eq o from
HOMO energy level which gave values of, -1.66, -1.30 and -1.29 V for BID-1, BID-2 and
BID-3 respectively. The LUMO energy levels are relatively negative with respect to the
position of the TiO, conduction band (-0.5 V vs. NHE) in a way to allow efficient electron

injection.
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Figure 3.5 Energy level diagram of BID dyes

3.6 Photovoltaic Performance

The photovoltaic performance of DSSCs fabricated with the newly synthesized
benzothieno[3,2-b]indole donor unit attached dyes (BID-1, BID-2 and BID-3) were evaluated
under full sun AM 1.5G (100 mW cm™) conditions. The current density-voltage (J-V) and
incident-photon-to-current conversion efficiency (IPCE) curves are shown in Figure 3.6. The

J-V parameters are summarized in Table 3.3.

Table 3.3 Solar Cell Characteristics of DSSCs based on BID-1, BID-2, and BID-3

Sensitizer Voc Jsc FF (%) Efficiency
(mV) | (mA/cm?) (%)

BID-1 590+2 | 286+0.13 | 6886+1.2 | 1.16+0.10

BID-2 | 652+5 | 651+0.16 | 7327095 | 3.10+0.25

BID-3 | 671+8 | 838+025 | 7315£0.56 | 411+0.14

The sensitizer BID-3 with furan as m-spacer outperformed both BID-1 and BID-2 dyes
having benzene and thiophene spacers displaying a power conversion efficiency of 4.11 +
0.14% (Jsc = 8.38 + 0.25 mA cm, Vo = 671 + 8 mV, and FF = 73.15 + 0.56) which is
highest among the series, followed by BID-2 with power conversion efficiency of 3.1 £
0.25% (Jsc = 6.51 + 0.16 mA cm?, Vo = 652 + 5 mV, and FF = 73.27 + 0.95), and an
efficiency of 1.16 + 0.10 (Jc = 2.86 + 0.13 mA cm™, Vo = 590 + 2 mV, and FF = 68.86 +1.2)
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was realized for BID-1. The sensitizer with furan as m-spacer (BID-3) showcased an
improvement in both short-circuit current density (Jsc) and open-circuit voltage (Vo) than
with benzene and thiophene spacers. The increase in Jg is attributed to the increase in light
harvesting ability of BID-3 sensitizer which is clearly seen from the extended absorption
profile in the IPCE spectra. J-V results are in accordance with the IPCE data for all the three
BID dyes. Lower dihedral angle between the donor and m-spacer in BID-3 (7°) compared
with BID-1 (35.4°) and BID-2 (17.6°) along with a larger dipole moment of 3.8D for BID-3
in comparison to 2.2D for BID-2 and 1.9D for BID-1 helped BID-3 in achieving better
donor-zm-spacer interactions and enhanced charge separation leading to improved photovoltaic
performance. Devices fabricated with BID-3 sensitizer showed a broad absorption peak from
350 nm to 550 nm as evident from IPCE spectra with a maximum value of 88% at 460 nm,
leading to a Js. of 8.38 + 0.25 mA cm™. BID-2 showed highest EQE of 75% at 400 nm and
BID-1 showed 75% at 350nm respectively. The red shifted absorption spectra of both BID-2
and BID-3 compared to BID-1 (Figure 3.3 (a)) contributed towards significant improvement
in IPCE for both the dyes, leading to improvement in Js.. Even though BID-2 exhibited
higher absorption coefficient in comparison to BID-3, it failed to achieve higher absorption in
action spectra as IPCE involves contribution from other electron transfer process such as
injection, regeneration and collection which again depends on transport and lifetime of

electrons in these devices
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Figure 3.6 (a) Current-voltage characteristics of DSSCs with BID-1, BID-2, and BID-3
underl.5G. (b) Spectra of incident photon-to-current conversion efficiency (IPCE) for DSSCs

To get an in-depth understanding of the variation in photovoltaic performance, both electrical

and light perturbation measurements were carried out involving Charge Extraction (CE),
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Intensity Modulated Photovoltage Spectroscopy (IMVS), and Electrochemical Impedance
Spectroscopy (EIS). CE measurement provides the distribution of trap states and the position
of conduction band. Figure 3.7(a) shows charge extraction as a function of applied voltage for
devices fabricated with three newly synthesized BID sensitizers. There is a positive shift in
the conduction band (CB) for BID-3 compared to BID-1 and BID-2. The positive shift in
TiO, CB resulted in efficient electron injection, contributing to improved light harvesting
efficiency for BID-3. Additionally, a positive shift in CB will lead to less recombination
driving force, contributing towards lower electron lifetime. The average time injected
electrons stays in the energy states of TiO, (lifetime, t,) was calculated using IMVS
technique using the equation, t, = 1/(2nfmax ), Where fax is the frequency corresponding to the
highest value in Bode curve obtained from IMVS plot. Lifetime as a function of light
intensity is shown in Figure 3.7(b). The lifetime plot shows almost similar lifetime for BID-3
and BID-1 (furan and benzene m-spacers) sensitizers and both exhibits longer lifetime than
BID-2. Improved lifetime is an indication of less recombination at TiO,/dye/electrolyte
interface. Even with a more negative shift in CB which contributes to higher recombination
driving force, the added advantage of having a twisted conformation might have rendered
BID-1 the capability to prevent the approach of oxidized species in electrolyte coming closer
to TiO, and thereby achieving a lifetime similar to that of BID-3. The less rate of
recombination along with the broad visible absorption helped BID-3 in achieving better open-
circuit potential in comparison to other dyes. For all three sensitizers, LUMO levels are

placed at potentials with more than 800 mV of driving force for electron injection.
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Figure 3.7 (a) Extracted charge versus voltage from charge extraction measurement and (b)
Lifetime as a function of light intensity measured using IMVS technique for BID dyes

100



Chapter 3

To probe the charge transfer processes under dark conditions bypassing the contribution of
charge recombination from the injected electrons in TiO, to the overall lifetime, EIS was
carried out at -0.66 V under forward bias in dark. Figure 3.8(a) shows the Nyquist plot of the
devices measured using EIS technique at -0.66 V under forward bias. The frequency response
of typical DSSC consists of three different semicircles in the complex plane plot due to the
different time constants at various interfaces. The semicircles at high frequency, middle
frequency and low frequency regions correspond to platinum/electrolyte interface,
TiO,/dye/electrolyte interface and the diffusion of ions in the electrolyte respectively.
Generally, while employing iodide/triiodide electrolyte, due to faster diffusion of ions in
iodide electrolyte, the third semicircle is rarely seen. Herein, we observed two semicircles
which correspond to charge transfer at platinum/electrolyte interface and TiO,/dye/electrolyte
interface. Nyquist plot was fitted using equivalent circuit with transmission line model. The
Transport Resistance (R;), Charge-Transfer Resistance (Recombination Resistance, R and
Chemical Capacitance (C,) were derived by fitting the Nyquist plots with equivalent circuit
model and lifetime (t,) is calculated using the equation t, = C, X Re. All the fitted, derived
and calculated parameters are summarized in Table 3.4. BID-3 sensitizer showcased a larger
semicircle in the middle frequency region indicating a higher recombination resistance (131.3
Q) followed by BID-1 and BID-2 with R¢; 63.25 Q and 49.08 Q respectively. For BID dyes
the radii of the second semicircle increases in the order BID-2 < BID-1 < BID-3 Figure
3.8(a) indicating that the electron recombination rate increased in the order of BID-3 < BID-1
< BID-2 in dark. The Bode phase plot is given in (Figure 3.8 (b). The recombination process
of injected electrons in TiO; is represented by the peak at higher frequency. A shift of higher
frequency peak to lower frequency suggest the possibility of lower charge recombination rate
which leads to a longer electron lifetime. The reciprocal of this frequency peak is regarded as
electron lifetime, where t, = (1/2xnf,) where f, is the frequency corresponding to the highest
value in Bode plot. As seen in Table 3A.4, BID-3 showed highest lifetime in BID series of
dyes derived from EIS measurement which is in accordance with the lifetime data obtained
from IMVS measurement. Apart from the red shifted absorption, lower transport resistance
and higher recombination resistance, longer lifetime favored BID-3 in achieving higher

photovoltaic performance among BID dye series.
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Table 3.4 Transport Resistance (R;), Recombination Resistance (R.;), Chemical Capacitance
(C,) and Lifetime () calculated from EIS at -0.66 V for BID dyes

Sensitizer Transport Recombination Chemical Lifetime
Resistance Resistance Capacitance (z), ms
(Ro), @ (Rer), (Cyp), mF
BID-1 48.77 63.25 666 42.12
BID-2 58.54 49.08 644 31.61
BID-3 27.93 131.3 687 90.20
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Figure 3.8 (a) Nyquist plot and (b) Bode plot measured using EIS technique for DSSCs at -
0.66 V under forward bias for BID dyes

3.7 Conclusion

In summary, we successfully synthesized three new D-n-A organic dyes based on
benzothieno[3,2-b]indole as donor and by varying the n-spacer unit with benzene (BID-1),
thiophene (BID-2) and furan (BID-3). With judicious selection of m-spacer, the optical
properties were controlled in a way to realize improved photovoltaic performance. Furan
substituted dye, BID-3 showcased the best performance with a PCE of 4.11%. The efficiency
value increased in the order BID-1 (1.16%) < BID-2 (3.10%) < BID-3 (4.11%). Better
planarity of the molecular backbone helped BID-3 in achieving improved donor-acceptor
interactions and superior charge separation leading to larger dipole moment thereby realizing
improved light harvesting and photovoltaic performance. Additionally, lower driving force
for recombination attained with a positive CB shift also helped BID-3 in achieving enhanced

lifetime as evident from both IMVS and EIS measurements.
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Chapter 3B: Investigation of Benzothieno[2,3-b]indole Donor based D-n—A
Dyes for DSSC

3.8 Synthesis and Characterization

The dyes with benzothieno[2,3-b]indole as the donor moiety was synthesized as shown in
scheme 3.2 The benzothieno[2,3-b]indole core was accessed by following an iodine mediated
three-component annulative arylation involving N-dodecyl-5-bromo-indole, cyclohexanone as
the arylating agent and elemental sulphur. The n-spacer was attached to the benzothieno[2,3-
b]indole donor moiety by Suzuki reaction of 8 with formyl-aryl/heteroaryl boronic acids to
afford the molecules 9 (benzene as m-spacer), 10 (thiophene as m-spacer) and 11 (furan as 7-
spacer) respectively. Finally, Knoevenagel condensation of 9, 10 and 11 with cyanoacetic

acid introduced the acceptor functionality furnishing the dyes BID-4, BID-5, and BID-6
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Scheme 3.2 Synthetic route adopted for benzothieno[2,3-b]indole based dyes BID-4, BID-5
and BID-6.
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3. 9 Computational Studies

The molecular structure and electronic distribution of the dyes were investigated by with
Gaussian 09 program. DFT studies at B3LYP level of theory with valance double-zeta
polarisation basis set, viz 6-31G* was used for all the calculations in gas phase. Figure 3.9
shows the frontier molecular orbital of the dyes. All the dyes are having HOMO electron
density mostly located on the donor unit and LUMO is located on the acceptor
unit/cyanoacrylic acid and extended to m-spacer also. These results show good HOMO-
LUMO overlap and possibility of strong coupling of semiconductor conduction band with the
sensitizer. This can in turn make sure of efficient electron injection to the conduction band of
TiO, which is essential for the current generation in the device.
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Figure 3.9 Frontier molecular orbital distributions of the dyes BID-4, BID-5 and BID-6

According to the energy minimized structure of compounds (Figure 3.10), all the three dyes
were having almost coplanar conformation with respect to angle between spacer and
anchoring group. But changes in the structure were induced by the angle between donor and
n-spacer. While benzene substituted dye BID-4 exhibited blue shifted absorption with a
twisted conformation, the twist being originated from the larger angle between benzene and
donor (34.68°), BID-6 with furan as m-spacer exhibited maximum planarity with least

dihedral angle value of 1.56° between the donor and n-spacer fragments.
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Figure 3.10 Energy minimized structure of the dyes 11D-4, 11D-5 and 11D-6

3.10 Photophysical and Electrochemical Studies

Figure 3.11 (a) and 3.11 (b) present absorption spectra of the compounds in THF and on TiO;,
respectively and the corresponding data are summarised in Table 3.5. In the solution state
absorption spectra, BID-4 dyes which are having benzene as the =w-spacer exhibited blue
shifted absorption spectra (Amax at 375 nm) with lower molar extinction coefficient (24,625
mol™*cm™) compared to BID-5 and BID-6. Though there is slight difference in the absorption
maxima of BID-5 and BID-6 with furan w-linker slightly shifting the absorption maximum of
BID-6 to longer wavelength region, the two are having almost same absorption onset. The
factors which can influence the absorption spectra of dyes on TiO; are the formation of H- or
J- aggregates and deprotonation of carboxyl group on semiconductor. While H- aggregates
and deprotonation of carboxyl group can lead to blue shifted absorption, bathrochromically
shifted absorption can be resulted from the formation of J- aggregates. Compared to the
solution state, the dyes showed broad and red-shifted absorption spectra on TiO,. This
suggested significant formation of J- kind aggregates on TiO,. While BID-6 showed more
bathochromically shifted spectra, BID-4 was showing least light harvesting as observed in the

solution state absorption spectra.
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Figure 3.11 (a) Solution state absorption spectra of dyes in THF. (b) Solid state absorption
spectra of dyes on TiO;

Table 3.5 Photophysical and electrochemical data of BID dyes V vs. NHE

Sensitizer A nm E E Eo. E
@ Mtem?) | | O | @ °

BID-4 | 375(24625) | 0.64 1.27 2.84 -157
BID-5 | 424 (27750) |  0.69 1.32 2.56 -1.24
BID-6 | 431(28000) | 0.66 1.29 2.56 -1.27

Cyclic voltammetry measurements of the dyes were performed in dichloromethane solutions,
using tetrabutylammonium hexafluorophosphate (0.1 M) as the supporting electrolyte,
Ag/AgCI as reference electrode, glassy carbon as working electrode and Pt as counter
electrode and ferrocene as internal standard (Figure 3.12). The HOMO level was calculated
from the first oxidation potential of the dyes. The band gap which was estimated from the
onset wavelength of the absorption spectrum was subtracted from the HOMO level to obtain
LUMO energy level. All the three BID dyes were having energy levels which are optimum
for electron injection into TiO, conduction band and dye regeneration from iodide triiodide

redox couple.
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Figure 3.12 Cyclic voltammogram of BID-4, BID-5 and BID-6 in dichloromethane.

3.11 Photovoltaic Studies

We employed BID-4, BID-5 and BID-6 as sensitizers to construct DSSCs and to evaluate the
PV performance. The photocurrent density-photovoltage (J-V) curves of DSSCs based on
BID-1, BID-2 and BID-3 under AM 1.5G (100 mWcm™) illumination is shown in Figure
3.13 (a) and the related photovoltaic parameters obtained are presented in Table 3.6. Here,
the highest performance was delivered by the furan substituted dye BID-6 with a PCE of
4.15% and least performance was showcased by benzene substituted dye BID-4 with a PCE
of 2.29%. The current density generated followed the trend as BID-6 (9.28 mA/cm?) > BID-5
(8.16 mA/cm?) > BID-4 (5.32 mA/cm?). This trend in current generation is in parallel with
the absorption behaviour of dyes on TiO,. Lower light harvesting ability of BID-4 with
benzene m-linker which showed significantly blue shifted absorption behaviour might have
caused its inferior performance in current generation. The other two dyes were showing slight
difference in their Jsc value which is also in tune with absorption behaviour observed. BID-6
with furan n-linker exhibited slightly broader and bathochromically shifted absorption on
TiO,. The solution state absorption of dyes also follows the same trend with molar
absorptivity in the order BID-6 > BID-5 > BID-4. The incident photon to current conversion
efficiencies (IPCE) of the DSSCs against different irradiation wavelength are shown in Figure
3.13 (b). The data obtained was also in accordance with the previous observation. While BID-
4 showed a plateau region of 350 nm to 415 nm in the IPCE curve, other two dyes could

exhibit wider absorption whose onset of absorption is extended to ~620 nm region. BID-6
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dyes also excelled with higher photovoltage of 627 mV which was followed by BID-4 (616
mV) and BID-5 (607 mV) in order.

Table 3.6 Solar Cell Characteristics of DSSCs based on BID-4, BID-5, and BID-6

(b)

— BID-4
e BID-5
e BID-6

Sensitizer Voc Jsc FF (%) Efficiency
(mV) | (mA/lcm? (%)
BID-4 616 £3 | 5.32+£0.17 | 69.47+£0.38 | 2.29+0.08
BID-5 607+5 | 8.16£0.20 | 71.63+0.22 | 3.57+£0.12
BID-6 627+4 | 9.28+0.18 | 70.89+0.33 | 4.15+0.11
10 100
(a)
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Figure 3.13 (a) Current-voltage characteristics of DSSCs with BID-1, BID-2, and BID-3
underl.5G. (b) Spectra of incident photon-to-current conversion efficiency (IPCE) for DSSCs

To get a deeper understanding on the device performance, we carried out transient

photovoltage decay and charge extraction measurements of the devices (Figure 3.14). The

energy level of conduction band edge of TiO, was almost same in case of all the dyes which

was estimated from the charge extraction measurements shown in Figure 3.14 (a). The

lifetime measurements conducted indicated the increased recombination resistance for BID-4

and least value is observed for BID-5 with thiophene as =-linker. This observation can be

credited to the ability of BID-4 in preventing back electron transfer reactions owing to its

twisted conformation.
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Figure 3.14 (a) Extracted charge versus voltage from charge extraction measurement and (b)
Lifetime as a function of light intensity measured using TPV technique

Further we measured transient photo current decay to get the trends in transport time of
devices (Figure 3.15). Lesser transport time could lead to efficient charge collection and
current generation. Among the dyes, BID-4 was having larger transport time and the rest of

the dyes showcased almost similar transport time.
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(A0
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Figure 3.15 Transport time as a function of light intensity measured using TPC technique

3.12 Conclusion

In summary, donor-w-acceptor (D-n-A) dyes abbreviated as BID-4, BID-5 and BID-6 were
designed, synthesized and evaluated for their performance in DSSC. All the dyes were having
dodecyl group incorporated benzothieno[2,3-b]indole and cyanoacrylic acid respectively as
donor and acceptor units. The dyes BID-4, BID-5 and BID-6 differ in the n-linker attached as

benzene, thiophene and furan respectively. Among these, BID-6 based devices showed a
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higher overall power conversion efficiency of 4.15% under simulated AM 1.5G solar
irradiation (100 mW/cm?). The device excelled with both higher current density and
photovoltage. The major factor which influenced the PCE of the devices was the light
harvesting ability of dyes. While furan substituted dye BID-6 exhibited higher light
harvesting ability both in solution state as well as on TiO,, significantly low absorption
profile of BID-4 lead to much decrease in current density. Though BID-4 was managed to
have higher photovoltage than thiophene substituted dye BID-5 due to its twisted
conformation, lowest current density obtained in the former case lead to its inferior
performance with 2.29%.

3.13 Experimental Section
General Methods

All chemicals were of the best grade commercially available and were used without further
purification. All solvents were purified according to standard procedure; dry solvents were
obtained according to the literature methods and stored over molecular sieves. Gravity
column chromatography was performed using neutral alumina and mixtures of hexane-ethyl
acetate were used for elution. Melting points were determined on a Buchi melting point
apparatus and are uncorrected. Proton nuclear magnetic resonance spectra (‘H NMR) were
recorded on a Bruker AMX 500 spectrophotometer (CDCl; and Acetone-dg as solvents).
Chemical shifts for "H NMR spectra are reported as & in units of parts per million (ppm)
downfield from SiMes (6 0.0) and relative to the signal of chloroform-d (6 7.25ppm)
Acetone-d6 (2.05 ppm). Multiplicities were given as: s (singlet); d (doublet); t (triplet); q
(quartet); dd (double doublet); m (multiplet). Coupling constants are reported as J value in
Hz. Carbon nuclear magnetic resonance spectra (**C NMR) are reported as & in units of parts
per million (ppm) downfield from SiMe4 (6 0.0) and relative to the signal of chloroform-d (&
77.03 ppm) and Acetone-ds (29.84 and 206.26 ppm). Mass spectra were recorded under
ESI/HRMS at 60,000 resolution using Thermo Scientific Exactive mass spectrometer. The
UV-visible absorbance was studied using a SCHIMADZU UV-1800 UV-Visible
spectrophotometer, using commercially available 1 cm quartz cuvette purchased from Sigma-
Aldrich.

Synthesis of 8-Bromo-10-dodecyl-10H-benzo[4,5]thieno[3,2-b]indole (4): The enolizable
ketone, cyclohexanone (760 mg, 7.75 mmol) and primary amine, dodecylamine (1.43 g, 7.75

mmol) were weighed into a dry reaction tube. Dry toluene along with 4A MS was added and

110



Chapter 3

allowed to stir at 80 °C for 1 hour, after which 5-bromo-3-nitrobenzothiophene (1 g, 3.87
mmol) was added into it and kept again for stirring at the same temperature for 11 hours.
After the complete consumption of 5-bromo-3-nitrobenzothiophene, chloranil (2.8 g, 11.6
mmol.) along with toluene was added and kept at 100 °C for 24 hours. The solvent was
evaporated in vacuo and the residue on activated neutral alumina column chromatography
yielded 8-bromo-10-dodecyl-10H-benzo[4,5]thieno[3,2-b]indole 4 as colourless solid, Yield:
1.27 g, 70% ; mp (65-67 °C); *H NMR (500 MHz, CDCl5): & 8.09 (d, J = 1.5 Hz, 1H) 7.78-
7.76 (m, 2H) 7.49 (d, J = 8 Hz, 1H) 7.44 (dd, J; = 8.5 Hz, J, = 2 Hz, 1H) 7.39-7.35 (m, 1H)
7.24-7.21(m, 1H) 4.54 (t, J =7.5 Hz, 2H) 1.98-1.93(m, 2H) 1.47-1.41(m, 2H) 1.37-1.24(m, 16
H) 0.87(t, J = 7Hz, 3H) ppm; *C NMR ( 125 MHz, CDCls) : § 141.7, 141.7, 136.2, 128.5,
126.5, 125.7, 123.4, 122.6, 121.3, 119.6, 118.1, 116.8, 110.0, 45.0, 31.9, 30.4, 29.6, 29.6,
29.6, 29.5, 29.4, 29.3, 27.0, 22.7, 14.1 ppm; HRMS (ESI) m/z: (M+H)" calcd for Cp6H33BrNS
470.1512, found 470.1583.

Synthesis of 4-(10-Dodecyl-10H-benzo[4,5]thieno[3,2-b]indol-7-yl)benzaldehyde (5): A
mixture of 4 (200 mg, 0.43 mmol.), 4-formylphenylboronic acid (76 mg, 0.51 mmol),
Pd(PPhs)s (49 mg, 0.42 mmol), K,COj3 (294 mg, 2.1 mmol) were weighed into a Schlenk tube
and degassed for 10 minutes. Degassed THF and water in a 3:1 ratio was then added and the
reaction mixture was purged with argon and allowed to stir at 70 °C for 24 hours. The solvent
was evaporated under vacuum and the residue on activated neutral alumina column
chromatography (with mixtures of ethyl acetate in hexane as eluent) yielded the product 5 as
a yellow coloured solid. Yield 162 mg, 77 %; mp (85-87 °C); *H NMR (500 MHz, CDCl5): &
10.10 (1H, S), 8.21-8.20 (m, 1H), 8.03-8.01 (m, 3H), 7.86 (d, J = 8.5 Hz, 2H), 7.80 (d, J = 8
Hz, 1H), 7.64-7.62 (m, 1H), 7.51 (d, J = 8.5 Hz,1H) 7.40-7.36 (m, 1H), 7.26-7.22
(m,1H),4.63 (t, J = 7.5 Hz, 2H) 2.05-1.99 (m, 2H), 1.51-1.45 (m, 2H), 1.40-1.34 (m, 2H),
1.27-1.21 (m, 14 H), 0.86 (t, J = 7 Hz, 3H) ppm **C NMR ( 125 MHz, CDCls) : 191.9, 147.5,
143.4, 137.1, 136.2, 135.2, 130.4, 127.9, 127.6, 125.0, 123.2, 123.1, 121.5, 119.6, 119.5,
118.6, 110.0, 45.2, 31.9, 30.5, 29.7, 29.6, 29.6, 29.5, 29.4, 29.3, 27.1, 22.7, 14.1 ppm; HRMS
(ESI) m/z: (M+Na)" calcd for C33H37NNaOS 518.2488, found 518.2422.

Synthesis of 2-Cyano-3-(4-(10-dodecyl-10H-benzo[4,5]thieno[3,2-b]indol-7yl)phenyl)
acrylic acid (BID-1): A mixture of aldehyde 5 (150 mg, 0.3 mmol), cyanoacetic acid (77 mg,
0.9 mmol), ammonium acetate (116 mg, 1.5 mmol) in acetic acid was heated at reflux
overnight under argon atmosphere. After cooling to room temperature, it was precipitated by

pouring into water. The precipitate was washed with water and dried in vacuum oven. The
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product BID-1 was obtained as an orange coloured solid. Yield: 124 mg, 73 %; mp: 160-165
°C; 'H NMR (500 MHz, (CD3),CO): & 8.37 (d, J = 1.5 Hz, 1H), 8.26 (s, 1H), 8.12 (d, J = 8.5
Hz, 2H) 8.02(d, J = 8.5 Hz,1H) 7.94-7.92 (m, 2H), 7.70-7.68 (m, 2H), 7.58 (d, J = 8.5 Hz,
1H), 7.26-7.23 (m, 1H) 7.10-7.08 (m, 1H), 4.70 (t, J = 7 Hz, 2H) 1.90-1.87 (m, 2H) 1.37-1.32
(m, 2H) 1.26-1.22 (m, 2H) 1.14-1.04 (m, 14H) 0.71 (t, J = 7 Hz, 3H) ppm *C NMR ( 125
MHz, (CD;),CO) : 162.9, 153.7, 1455, 143.2, 141.8, 137.2, 136.0, 131.6, 130.8, 127.9,
127.8, 125.1, 123.2, 123.2, 121.4, 119.6, 119.1, 118.8, 115.8, 115.7, 110.6, 103.2, 44.6, 31.7,
30.3,29.4, 29.3, 29.2, 29.2, 29.1, 26.6, 22.4, 13.4 ppm; HRMS (ESI) m/z: (M-CO2)" calcd for
CssH37N,S 517.2683, found 517.2686.

Synthesis of 5-(10-dodecyl-10H-benzo[4,5]thieno[3,2-b]indol-8-yl)thiophene-2-
carbaldehyde (6): A mixture of 4 (200 mg, 0.43 mmol), 5-Formyl-2-thiopheneboronic acid
(80 mg, 0.51 mmol), Pd(PPhs)s (49 mg, 0.042 mmol), K,CO3; (294 mg, 2.1 mmol) were
weighed into a Schlenk tube and degassed for 10 minutes. Degassed THF and water in a 3:1
ratio was then added and the reaction mixture was purged with argon and allowed to stir at 70
°C for 24 hours. The solvent was evaporated under vacuum and the residue on activated
neutral alumina column chromatography (with mixtures of ethyl acetate in hexane as eluent)
yielded the product 6 as a yellow coloured solid. Yield: 43 mg, 20 % ; mp (80-83 °C); *H
NMR (500 MHz, CDCls): 8 9.93 (1H, s), 8.25-8.20 (m, 1H), 7.96-7.94 (m, 1H), 7.79-7.78 (m,
2H) 7.70-7.64 (m, 1H), 7.51-7.48 (m, 2H), 7.38 (t, J = 7.5 Hz, 1H), 7.24-7.19 (m, 1H) 4.60-
4.52 (m, 2H), 2.01-1.95 (m, 2H), 1.52-1.47 (m, 2H), 1.42-1.35 (m, 2H)1.27-1.21 (m, 14H)
0.86 (t, J =7 Hz, 3H) ppm; *C NMR ( 125 MHz, CDCls) : 182.7, 154.7, 144.2, 141.6, 137.6,
136.8, 125.1, 124.1, 124.0, 123.4, 122.0, 121.8, 121.4, 120.4, 119.6, 119.6, 117.7, 116.6,
109.9, 45.2, 31.9, 30.5, 30.1, 29.5, 29.3, 27.2, 27.1, 22.7, 14.1 ppm; HRMS (ESI) m/z: (M +
H)* calcd for C31H3sNOS; 502.2233, found 502.2233.

2-Cyano-3-(5-(10-dodecyl-10H-benzo[4,5]thieno[3,2-b]indol-8-yl)thiophen-2-yl)acrylic

acid (BID-2): A mixture of aldehyde 6 (151 mg, 0.30 mmol), cyanoacetic acid (77 mg, 0.90
mmol), ammonium acetate (116 mg, 1.5 mmol) in acetic acid was heated at reflux overnight
under argon atmosphere. After cooling to room temperature, it was precipitated by pouring
into water. The precipitate was washed with water and dried in vacuum oven. The product
BID-2 was obtained as red coloured solid. Yield: 68 mg, 40%; mp: 203-205 °C; *H NMR
(500 MHz, (CD3),CO): 6 8.40 (d, J = 1.5 Hz, 1H) 8.37 (s, 1H), 8.03 (d, J = 8.5 Hz, 1H), 7.93
(d, J =4 Hz,AH), 7.74-7.72 (m, 2H) 7.70 (d, J = 8 Hz, 1H) 7.60 (d, J = 8 Hz, 1H) 7.27-7.24
(m, 1H) 7.10 (t, J = 7.5 Hz, 1H), 4.69 (t, J = 7.5 Hz, 2H) 1.90-1.87 (m, 2H), 1.46-1.40 (m,
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2H) 1.15-1.07 (m, 14 H) 0.72 (t, J = 7.5 Hz, 3H)ppm; “C NMR ( 125 MHz,
(CD3),CO) :163.0, 154.3, 145.3, 146.4, 143.9, 141.8, 140.2, 136.8, 135.0, 129.4, 127.5,
125.3, 125.0, 123.4, 122.0, 121.2, 119.6, 119.1, 117.8, 116.1, 116.1, 110.6, 98.6, 44.8, 31.6,
30.1, 26.5, 22.4, 13.5 ppm; HRMS (ESI) m/z: (M-CO,)" calcd for Cs3HssN,S, 523.2242,
found 523.2232.

Synthesis of 5-(10-Dodecyl-10H-benzo[4,5]thieno[3,2-b]indol-8-yl)furan-2-carbaldehyde
(7): A mixture of 4 (200 mg, 0.43 mmol), 5-Formyl-2-furanylboronic acid (71 mg, 0.51
mmol), Pd(PPh3)s (49 mg, 0.42 mmol), K,CO3 (294 mg, 2.1 mmol) were weighed into a
Schlenk tube and degassed for 10 minutes. Degassed THF and water in a 3:1 ratio was then
added and the reaction mixture was purged with argon and allowed to stir at 70 °C for 24
hours. The solvent was evaporated under vacuum and the residue on activated neutral
alumina column chromatography (with mixtures of ethyl acetate in hexane as eluent) yielded
the product 7 as a yellow coloured solid. Yield: 182 mg, 88 % : mp: 100-103 °C; *H NMR
(500 MHz, CDCls): 6 9.71 (1H, s), 8.43 (1H, S), 7.98 (d, J = 8 Hz,1H), 7.79 (t, J =7 Hz, 2H)
7.52 (d, J = 8.5 Hz, 1H) 7.40-7.37 (m, 2H) 7.26-7.22 (m, 1H) 6.93 (d, J = 4 Hz, 1H) 4.65 (t, J
= 7.5 Hz, 2H) 2.05-1.99 (m, 2H) 1.53-1.47 (m, 2H) 1.41-1.36 (m, 2H) 1.27-1.20 (m, 14H)
0.86 (t, J = 7 Hz, 3H) ppm *C NMR ( 125 MHz, CDCl3) : 177.1, 159.7, 152.0, 144.3, 141.6,
136.9, 127.3, 125.4, 124.9, 123.3, 121.3, 120.6, 119.6, 119.6, 116.4, 110.1, 107.6, 45.2, 31.9,
30.4, 29.6, 29.6, 29.6, 29.5, 29.4, 29.3, 27.1, 22.7, 14.1 ppm. HRMS (ESI) m/z: (M + H)"
calcd for C3;H3sNO,S 486.2461, found 486.2479.

Synthesis of 2-Cyano-3-(5-(10-dodecyl-10H-benzo[4,5]thieno[3,2-b]indol-8-yl)furan-2-
ylacrylic acid (BID-3): A mixture of aldehyde 7 (146 mg, 0.30 mmol), cyanoacetic acid (77
mg, 0.90 mmol), ammonium acetate (116 mg, 1.5 mmol) in acetic acid was heated at reflux
overnight under argon atmosphere. After cooling to room temperature, it was precipitated by
pouring into water. The precipitate was washed with water and dried in vacuum oven. The
product BID-3 was obtained as red coloured solid. Yield: 88 mg, 53 %; mp: 190-193 °C; H
NMR (500 MHz, (CDj3),CO): 8.69 (s, 1H), 8.03 (d, J = 8.5 Hz, 1H), 8.01 (s, 1H), 7.87 (dd, J;
= 8.5 Hz, J, = 1.5 Hz, 1H), 7.70 (d, J = 7 Hz, 1H), 7.60 (d, J = 8.5 Hz, 1H), 7.46 (d, J = 4 Hz,
1H), 7.30 (d, J = 3.5 Hz, 1H), 7.27-7.24 (m, 1H), 7.11-7.08 (m, 1H), 4.72 (t, J = 7 Hz, 2H)
1.88-1.83 (m, 2H), 1.32-1.26 (m, 2H), 1.69-1.02 (m, 16 H), 0.71 (t , J = 7.5 Hz, 3H)ppm; **C
NMR ( 125 MHz, (CDj3),CO) : 163.3, 159.8, 148.0, 144.2, 142.0, 137.9, 137.2, 127.5, 126.3,
125.5, 125.2, 123.4, 121.3, 120.9, 119.6, 119.1, 116.7, 116.4, 115.9, 110.9, 109.6, 97.2, 44 .4,
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31.7, 30.3, 26.3, 22.4, 13.4 ppm; HRMS (ESI) m/z: (M + H)+ calcd for C34H3sN203S
553.2519, found 553.2526.

Synthesis of 9-bromo-6-dodecyl-6H-benzo[4,5]thieno[2,3-b]indole (8): Sulfur powder (4
equiv.), 5-bromo-1-dodecyl-1H-indole (1, 1.5 equiv.), cyclohexanone (1 equiv.), iodine (1
equiv.), NMP were added to a reaction vessel (10 mL). The sealed reaction vessel under air
atmosphere was stirred at 150 °C for 16 h. After cooling to room temperature, the reaction
was diluted with ethyl acetate and washed with saturated salt water. The organic layer was
separated, and the aqueous layer was extracted with ethyl acetate for three times. The
combined organic layer was dried over sodium sulphate, the volatiles were removed under
reduced pressure. The residue was purified by column chromatography on silica gel to yield
the desired product 8 as colourless viscous liquid. Yield: 49 % : Ry 0.4 (hexane); *H NMR
(500 MHz, CDCls): & 8.05 (s, 1H), 7.96 (d, J = 7.5 Hz, 1H), 7.73 (d, J = 8 Hz, 1H), 7.41 (t, J
= 7.5 Hz, 1H), 7.31-7.30 (m, 1H), 7.22-7.20 (m, 2H), 4.15 (t, =7 Hz, 2H), 1.88-1.83(m, 2H),
1.25-1.15 (m, 18H), 0.80 (t, J = 6 Hz, 3H) ppm; *C NMR ( 125 MHz, CDCl;) : 143.8, 139.9,
138.0, 132.7, 125.3, 124.1, 124.0, 123.7, 122.4, 121.5, 120.6, 116.2, 113.1, 110.8, 46.5, 31.9,
29.6, 29.5, 29.4, 29.3, 29.2, 29.0, 27.0, 22.7, 14.1 § ppm; HRMS (ESI) m/z: (M)" calcd for
Ca6H3,BrNS 469.1439, found 469.1443.

Synthesis of 4-(6-dodecyl-6H-benzo[4,5]thieno[2,3-b]indol-9-yl)benzaldehyde (9): A
mixture of benzothienoindole 8 (1 equiv.), 4-formylphenylboronic acid (1.2 equiv.),
Pd(PPh3)4 (10 mol%), K,CO3 (5 equiv.) were weighed into a schlenk tube and degassed for
10 minutes. Degassed THF and water in a 3:1 ratio was then added and the reaction mixture
was purged with argon and allowed to stir at 70 °C for 24 hours. The solvent was evaporated
under vacuum and the residue on activated neutral alumina column chromatography yielded
the product as a yellow coloured solid. Yield: 77 % ; mp (82-84 °C); *H NMR (500 MHz,
CDCl3): 8 10.08 (S, 1H), 8.27 (S, 1H), 8.15(d, J = 8 Hz, 1H), 8.00 (d, J = 8 Hz, 2H), 7.90(d, J
=7.5Hz, 2H), 7.84 (d, J = 8 Hz, 1H), 7.59(d, J = 7.5 Hz, 1H), 7.52-7.49 (m, 2H), 7.30-7.27
(m, 1H), 4.49 (t, = 7 Hz, 2H), 2.00-1.97 (m, 2H), 1.41-1.23 (m, 18H), 0.87 (t, J = 7 Hz,
3H)ppm; *C NMR ( 125 MHz, CDCls) : 192.1, 148.5, 143,7, 142.3, 138.2, 134.6, 133.0,
131.8, 130.4, 127.9, 125.3, 123.7, 123.2, 122.3, 121.0, 120.6, 117.9, 117.1, 110.0, 46.6, 31.9,
29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 27.0, 22.7, 14.1 ppm; HRMS (ESI) m/z: (M+H)" calcd
for Cs3H3sNOS 496.2669, found 496.2681.

Synthesis  2-cyano-3-(4-(6-dodecyl-6H-benzo[4,5]thieno[2,3-b]indol-9-yl)phenyl)acrylic
acid (BID-1): A mixture of aldehyde 9 (1 equiv.), cyanoacetic acid (3 equiv.), ammonium
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acetate (5 equiv.) in acetic acid was heated at reflux overnight under argon atmosphere. After
cooling to room temperature, it was precipitated by pouring into water. The precipitate was
washed with water and dried in vacuum oven. The product BID-1 was obtained as an orange
coloured solid. Yield: 88 %; mp: 157-160 °C; *H NMR (500 MHz, CDCl3): & 8.46 ( S, 1H),
8.26-8.26 (m, 2H), 8.12 (d, J =8 Hz, 2 H), 7.98 (d, J = 8 Hz, 2 H), 7.83 (d, J = 8 Hz, 2H),
764 (s,2H),7.39 (t,J=7Hz,1H), 718 (t,J =7.5Hz, 1 H), 432 (t, J =7 Hz, 2H), 1.90-
1.87(m, 2H), 1.31-1.23 (m, 4H), 1.15-1.10 (m, 14 H), 0.72 (t, J = 7 Hz, 3H) ppm; *C NMR (
125 MHz, CDCI;) : 163.0, 154.1, 146.7, 143.4, 141.7, 138.2, 133.0, 131.7, 131.3, 130.1,
127.7, 125.3, 123.8, 123.1, 122.4, 121.0, 117.6, 117.1, 116.0, 110.6, 46.1, 31.7, 26.6, 22.4,
13.5 ppm; HRMS (ESI) m/z: (M+H)" calcd for CssH3oN,0,S 563.2727, found
563.2736.

Synthesis of 5-(6-dodecyl-6H-benzo[4,5]thieno[2,3-b]indol-9-yl)thiophene-2-
carbaldehyde (10): A mixture of benzothienoindole 8 (1 equiv.), (5-formylthiophene-2-
yl)boronic acid (1.2 equiv.), Pd(PPh3); (10 mol%), K,COg3 (5 equiv.) were weighed into a
schlenk tube and degassed for 10 minutes. Degassed THF and water in a 3:1 ratio was then
added and the reaction mixture was purged with argon and allowed to stir at 70 °C for 24
hours. The solvent was evaporated under vacuum and the residue on activated neutral
alumina column chromatography yielded the product 10 as a yellow coloured solid. Yield: 70
%:; mp (82-84 °C); *H NMR (500 MHz, CDCls): § 9.90 (S, 1H), 8.31 (S, 1H), 8.13(d, J = 7.5
Hz, 1H), 7.83(d, J = 8 Hz, 1H), 7.80-7.83 (m, 1H), 7.62 (d, J =8 Hz), 7.54-7.45(m, 3H), 7.30
(t, J=7.5Hz, 1H), 4.28 (t, J= 7 Hz, 2H), 1.20-1.94 (m, 2 H), 1.41-1.23 (m, 18 Hz), 0.87(t, J
= 6 Hz, 3 H) ppm; **C NMR (125 MHz, CDCls) : 182.7, 156.4, 141.8, 141.5, 138.3, 137.9,
132.8, 125.4, 125.2, 123.7, 123.2, 123.1, 122.6, 120.8, 120.2, 117.1, 110.0, 46.6, 32.5, 31.9,
30.3, 29.6, 29.5, 29.3, 29.2, 28.3, 27.0, 22.7, 10.6 ppm; HRMS (ESI) m/z: (M+H)" calcd
for C31H3sNOS, 563.2727, found 563.2736.

Synthesis of 2-cyano-3-(5-(6-dodecyl-6H-benzo[4,5]thieno[2,3-b]indol-9-yl)thiophen-2-
yhacrylic acid (BID-2): A mixture of aldehyde 10 (1 equiv.), cyanoacetic acid (3 equiv.),
ammonium acetate (5 equiv.) in acetic acid was heated at reflux overnight under argon
atmosphere. After cooling to room temperature, it was precipitated by pouring into water. The
precipitate was washed with water and dried in vacuum oven. The product BID-2 was
obtained as red coloured solid. Yield: 80 %; mp: 210-212 °C; *H NMR (500 MHz, CDCls): &
8.49 (S, 1H), 8.34 (S, 1H), 8.22 (d, J = 8 Hz, 1H), 7.91(d, J = 4 Hz, 1 H), 7.84(d, J = 8 Hz, 1
H), 7.74 (d, J =4 Hz, 1 H), 7.64 (s, 2H), 7.41 (t, J=7.5Hz, 1 H), 7.20 (t, J = 7.5 Hz, 1 H),
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4.33(t, J =7 Hz, 2 H), 1.88-1.87 (m, 2H), 1.31-1.10 (m, 18 H), 0.72 (t, J = 7 Hz, 3 H) ppm;
3C NMR (125 MHz, CDCls) : 163.3, 156.1, 146.5, 143.8, 142.1, 140.7, 138.1, 134.1, 132.9,
125.4,125.1, 124.1, 123.8, 122.9, 122.7, 120.9, 120.4, 117.0, 116.8, 116.2, 111.0, 97.2, 46.1,
31.7, 26.6, 22.4, 13.5 ppm; HRMS (ESI) m/z: (M+H)" calcd for CzsH37N20,S; 569.2291,
found 569.2300.

Synthesis of 5-(6-dodecyl-6H-benzo[4,5]thieno[2,3-b]indol-9-yl)furan-2-carbaldehyde
(11): A mixture of benzothienoindole 8 (1 equiv.), (5-formylfuran-2-yl)boronic acid (1.2
equiv.), Pd(PPhs)s (10 mol%), K,CO3 (5 equiv.) were weighed into a schlenk tube and
degassed for 10 minutes. Degassed THF and water in a 3:1 ratio was then added and the
reaction mixture was purged with argon and allowed to stir at 70 °C for 24 hours. The solvent
was evaporated under vacuum and the residue on activated neutral alumina column
chromatography yielded the product 11 as a yellow coloured viscous liquid. Yield: 60 % ; Rs:
0.44 (20 % ethyl acetate in hexane); *H NMR (500 MHz, CDCls): § 9.59 (s, 1H), 8.40 (s, 1H),
8.12 (d, J =8 Hz, 1H), 7.75 (d, J = 8 Hz, 1 H), 7.69-7.67 (m, 1H), 7.45 (t, J =7 Hz, 1H), 7.38-
7.37 (m, 1H), 7.30 (d, J =4 Hz, 1 H), 7.22 (t, J = 7 Hz,1 H), 6.81(d, 3.5, J = Hz,1H), 4.18 (t, J
=7 Hz, 2 H), 1.91-1.86 (m, 2H), 1.32-1.26 (m, 4 H), 1.18-1.15 (m, 14 H), 0.79 (t, J=7.5 Hz,
3H) ppm *C NMR ( 125 MHz, CDCls) : 161.4, 151.7, 143.9, 141.8, 138.2, 132.8, 125.4,
123.7, 122.8, 122.5, 121.1, 120.9, 119.2, 117.3, 116.2, 109.9, 106.6, 46.6. 31.9, 29.6, 29.5,
29.4, 29.3, 29.2, 29.0, 27.0, 22.7, 14.1 ppm; HRMS (ESI) m/z: (M+H)" calcd for
C34H37N203S 553.2539, found 553.2519.

Synthesis of 2-cyano-3-(5-(6-dodecyl-6H-benzo[4,5]thieno[2,3-b]indol-9-yl)furan-2-yl)
acrylic acid (BID-3): A mixture of aldehyde 11 (1 equiv.), cyanoacetic acid (3 equiv.),
ammonium acetate (5 equiv.) in acetic acid was heated at reflux overnight under argon
atmosphere. After cooling to room temperature, it was precipitated by pouring into water. The
precipitate was washed with water and dried in vacuum oven. The product was obtained as
red coloured solid. Yield: 75 %; mp: 173-175 °C; *H NMR (500 MHz, CDCls): 8.72 (S, 1H),
8.24 (d, J = 7.5 Hz, 1H), 7.97(s, 1H), 7.82(t, J = 9 Hz, 2H), 7.62 (d, J = 9 Hz, 1H), 7.42-7.38
(m, 2H), 7.21-7.18 (m, 2H), 1.29-1.22 (m, 6.5 Hz, 4H), 1,15-1.09 (m, 14H), 0.72(t, J = 6.5
Hz, 3H) ppm; **C NMR ( 125 MHz, CDCls) : 161.5, 147.4, 143.8, 142.1, 138.4, 137.6, 132.8,
125.4, 123.8, 122.7, 122.6, 121.2, 121.0, 119.1, 117.3, 116.5, 110.7, 108.1, 46.1, 31.7, 26.6,
22.4, 13.4 ppm; HRMS (ESI) m/z: (M)" calcd for Cs4H3sN»OsS 552.2446, found
552.2373.
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CHAPTER 4

An Investigation into the Photovoltaic Performance of Indolo[3,2-b]indole
and Indolo[2,3-b]indole based D(n-A), Dyes

Abstract
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Herein, we present the synthesis, detailed photophysical as well as photovoltaic evaluation of
DSSCs based on three di-branched, di-anchoring dyes 11D-10, 11D-11 and 11D-12. The
superiority of indolo[3,2-b]indole over indolo[2,3-b]indole was further illustrated in the new
molecular architecture of D(mn-A), . The sensitizer 11D-12 which is having indolo[2,3-
blindole as donor moiety showcased poor performance in both indoor as well as outdoor
conditions. Among the indolo[3,2-b]indole based dyes, IID-11 with furan as m-spacer
delivered highest efficiency of 4.80% and least PCE was delivered by 11D-10 with 3.34%.
Further evaluation of indoor light harvesting revealed 11D-11 as the best performer with
13.40% under 200 lux illumination when day light CFL was used as light source. To probe
the trend in voltage and current generated detailed investigations were carried out on the
absorption behaviour, energetics and adsorption nature of dyes along with computational
approach. Lifetime as well as charge extraction measurements were also performed to get

insight into the photovoltaic behaviour of dyes.
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4.1 Introduction

Since dye sensitizer being a key player in DSSC, engineering of molecular architecture was
always been a topic of utmost importance. Dye designs always target at obtaining enhanced
absorption in the higher photon flux region in solar irradiance spectra with strategies to
prevent back electron transfer reactions.™ It was the D-n-A architecture which brought major
breakthrough in this area with its charge transfer properties. Though D-n-A architecture is
still the most widely used strategy, many different approaches have been explored in recent
years for the construction of sensitizers. Incorporation of more than one anchoring
group/multianchoring approach is one among these new strategies developed.> Compared to
the mono-anchoring dyes, multianchoring dyes carry a number of added advantages.
Increased m-conjugation in the latter case can ensure bathochromically shifted absorption
with enhanced absorptivity. Since the adsorption rates are likely to increase with extra
anchoring group, similar increment in dye loading and resultant absorption can be expected.
An effective surface coverage of semiconductor will also be beneficial to minimize the
recombination of injected electrons with the electrolyte. Further, an effective electronic
communication between the dye and semiconductor will be possible with the enhanced
binding strength of dye on semiconductor surface. This can in turn lead to better electron
injection and current generation. Since there are less chances of dye desorption, long term

stability of DSSC can also be targeted.

Bi-anchoring dyes can be classified into different classes based on the connector/connectivity
of two dipolar D-n-A branches (Figure. 4.1). Two D-n-A branches are connected at the
donor part with (i) -unit or (ii) o unit; linked at the m-spacer part with (iii) m-unit or (iv) o
unit ; (v) donor-acceptor back bone directly connected at n-linker; and (vi) different acceptor
units are bridged via a common donor unit. First report of di-branched di-anchoring organic
sensitizer was made in 2009 by Abbotto et al. They synthesized DB-1 and DB-2 which
employs cyanoacetic acid and conjugated rhodanine respectively as n-spacer. A comparative
investigation was also made with D5 which is a monoanchored version of DB-1 (Figure 4.2).
Along with demonstrating the efficiency of dianchoring molecular architecture, this work
could also illustrate the superiority of cyanoacrylic acid as the anchoring group over
conjugated rhodanine. Due to severe recombination happening in the system, DB-2
showcased least performance with lowest current density and photovoltage compared to the

rest of the dyes. Though DB-1 was having lower photovoltage, higher current density
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produced in the devices helped it to showcase best PCE. Light soaking measurements

conducted also reveals the improved lifetime and stability of di-anchoring approach over the

corresponding mono-anchored version.

Bearing at the donor centers
connected via m-linker

Connected via nt-linker grafting
from D-A backbone

Bearing at the donor centers
connected via 6-linker

Connected via o-linker grafting
from D-A backbone

Acceptor-linker units
bridged via donor

Q&

Gt
D@

D-n-A units directly
connected at m-linker

Figure 4.1 Di-anchoring dyes with different geometries

Since the first application of this multianchoring concept, it has undergone much

development in design as well as efficiency by incorporating novel structural units. The

concept of concerted companion dye introduced by Yongshu and co-workers is the latest

advancement in this area.>® In this approach two complementary dye components are linked

through covalent chains to target intramolecular co-sensitization. Along with achieving

panchromatic absorption with higher efficiency, simple optimization procedures and stability

are added advantages associated with this approach.
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Figure 4.2 Molecular structures of sensitizers D5, DB-1 and DB-2
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4.2 Design Strategy

In the present work, we adopted the innovative molecularly engineered bifunctional D(r-A),
architecture taking dodecyl group incorporated indolo[3,2-b]indole as donor which is the best
optimized system we obtained from our previous investigations. We changed the r-spacer as
benzene (11D-10) and furan (11D-11) keeping the acceptor/anchoring group fixed as
cyanoacrylic acid. Next, we synthesized dye 11D-12 with the same molecular architecture
utilizing indolo[2,3-b]indole as donor, furan as m-spacer and cyanoacrylic acid as the

anchoring/acceptor group (Scheme 4.1).

Scheme 4.1 Molecular structure of sensitizers 11D-10 to 11D-12
4.3 Synthetic Strategy

Our first step was the synthesis of starting material 4-bromo-2-iodo-1-nitrobenzene. We
could successfully synthesize the starting material in gram scale from 3-bromoaniline via a
four-step synthetic route (Scheme 4.2). The amino group of 3-bromoaniline was acylated
using acetic anhydride in presence of catalytic amount of H,SO,4 to obtain 2. Compound 2
was then nitrated predominantly at the ortho-position of acetanilide using Bi(NOs); in acetic
anhydride. The compound 3 thus obtained was subjected to acetyl-deprotection of and
subsequent diazotization. During diazotization, PTSA was employed as the proton source in
presence of Kl as the source of the nucleophile iodide. Using this starting material 5, the
dibrominated indoloindole and the dyes 11D-10 and 11D-11 were synthesized by adopting the
strategies discussed in the first chapter. Similar methodology was adopted for the synthesis of
I11D-12 after obtaining compound 13 with palladium catalysed C-3 arylation of alkylated 5-
bromoindoloindole with 5 using AgO as the additive in HFIP (Scheme 4.3).
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Scheme 4.2 (3) Ac0, H,SO4, RT (b) Bi(NOs)s, Ac,0, RT (c) KOH, DMSO, 60 °C (d)
PTSA, NaNO,, KI, ACN, 0 °C-RT (e) Pd(OAc), K2COs, norbornene, DMA, 60 °C (f) (i) 1-
bromododecane, NaH, DMF, 0 °C-RT (ii) PPhs, DMA, 165 °C (g) 1-bromohexane, NaH,
DMF, 0 °C-RT (h) Pd(PPhs)s, K,CO3, THF/H,0(4:1), 70 °C (i) Cyanoacetic acid, Piperidine,
ACN, 80 °C
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Scheme 4.3 (j) Pd(OAc),, NaOAc, AgO, HFIP, RT (k) (i) ) PPhs, DMA, 165 °C (ii) 1-
bromododecane, NaH, DMF, 0 °C-RT (I) Pd(PPhs)s, K,CO3 THF/H,0(4:1), 70 °C (m)
Cyanoacetic acid, Piperidine, ACN, 80 °C
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4.4 Photophysical Properties

The absorption spectra of dyes, 11D-10 to 11D-12, in THF and on TiO, film are shown in

Figure 4.3 and the corresponding data are documented in Table 1.
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Figure 4.3 (a) Solution state absorption spectra of dyes in THF. (b) Solid state absorption
spectra of dyes on TiO,

Among indolo[3,2-b]indole donor based dyes, furan substituted dye 11D-11 showcased a
bathochromically shifted spectra with an absorption maximum at 470 nm and least planar
11D-10 with benzene as m-spacer is having absorption maximum at 376 nm. Though 11D-12
which is having indolo[2,3-b]indole as donor is having higher molar extinction coefficient
compared to its indolo[3,2-b]indole counterpart 11D-11, the former has a blue shifted
absorption profile with absorption maximum at 434 nm. The absorption spectra of all the
molecules on TiO, were taken by following the conditions adopted during device fabrication
(TiO, electrodes were soaked in 0.2 mM solutions of dye in 1:1 tert-Butanol: Acetonitrile
mixture for 15 hour). Compared to solution state spectra, broadened and red shifted
absorption is exhibited by the dyes in solid state. Among the three dyes, 1ID-11 is
showecasing better absorption followed by 11D-10 and 11D-12 in order.

4.5 Electrochemical properties

Cyclic voltammetry was performed to find out the energy levels of the dyes which can in turn
be used to check the feasibility of electron injection as well as the regeneration of dyes. The
measurements were carried out in THF using tetrabutyl ammonium hexafluorophosphate
(0.1M) as the supporting electrolyte. While glassy carbon was employed as working

electrode, Ag/AgCI was used as reference electrode. The oxidation potentials of 11D-10, 11D-
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11, and 11D-12 were calculated with respect to ferrocene and were converted to NHE using
the equation, Enomo = [Eox(Fc/Fc*) + 0.63 V]. LUMO level (ELumo) Was calculated as the
difference Exomo - Eo-o- Eo-o (band gap) was determined from the tangent intercept of
absorption edges. The obtained values for HOMO and LUMO are compiled in Table 1 which
shows that electron injection into TiO, conduction band (-0.5 V vs NHE) and dye
regeneration by iodide (0.4 V vs NHE) are thermodynamically feasible. Higher energy
HOMO of 11D-11 compared to 11D-12 also indicates the more electron donating nature of
11D-11 over 11D-12 (Figure 4.4).
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Figure 4.4 Cyclic voltammogram of (a) 11D-10 and 11D-11. (b) 11D-12

Table 1 Photophysical and electrochemical parameters of dyes

Sensitizer | Amax, NM on(Fc/Fc+) Enomo (VS NHE) Eo.o ELumo (VS NHE)
(e Mcm™) V) V) eV V)
ID-10 | 376(51400) | 0.296 0.93 25 157
11D-11 470(37450) 0.334 0.97 2.27 -1.30
11D-12 434(47800) 0.419s 1.04 2.47 -1.42

4.6 Infrared spectroscopic studies

The sensitizer dyes are adsorbed onto TiO, for DSSC fabrication. The FTIR spectra of the
three dyes and their TiO, adsorbed version are shown in Figure 4.5. The C=0 stretching band
of carboxylic acid functional group of dyes were at 1696 cm™ for 11D-10, 1688 cm™ for 11D-
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11, and 1679 cm™ for 11D-12. When the compounds were adsorbed onto TiO,, the absorption
intensity of C=0 band was significantly reduced suggesting coordination of both carboxylic

acid group with TiO, for binding.
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Figure 4.5 Infrared spectra of dye and that of dyes coated on TiO,

The dye can be adsorbed onto semiconductor surface through three possible coordination
bonds, (a) unidentate, (b) bidentate chelating and (c) bidentate bridging (Figure 4.6). To find
out the binding modes of dyes in our case, we adopted the empirical rule proposed by Decon
and Philips. According to which, the mode of binding can be deduced by comparing the
carboxylic acid stretching frequencies in the anionic and adsorbed forms of the dye. If the
difference between antisymmetric and symmetric vibrations (Av) in TiO, adsorbed version is
lower than the carboxylate form, the mode of binding can be bidentate chelating. If Av is
same in both cases, then the mode of binding will be bidentate bridging, and if Av is higher
the binding will be unidentate. In all the three cases, antisymmetric stretching frequencies for
the carboxylate and adsorbed versions were almost same and significant changes were seen in
the case of symmetric stretching frequencies of the dyes. The required data to lead to the
binding mode are recorded in Table 4.2 and according to which all the dyes prefer to bind

with TiO; in a bidentate chelating mode.
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Figure 4.6 Different possible binding modes of dyes with TiO,, M represent Ti metal atom
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Figure 4.7: IR spectra of dyes in the carboxylate form

1)

1800

Compound Antisymmetric | Symmetric Difference
stetching stetching between AS and
vibration (AS) | \ibration SS (cm™)

(em™) (SS) (cm™)

[1D-10 (TiOy) 1589 1386 203
I1D-10 (Carboxylate) 1594 1335 259
I1D-11 (TiOy) 1598 1372 226
IID-11 (Carboxylate) 1594 1337 257
1ID-12 (TiOy) 1608 1381 227

I1D-12 (Carboxylate) 1580 1337 243

4.7 Computational Studies

2000

To investigate the molecular structure and electronic distribution of the three organic dyes,

the three dyes have been optimized using DFT calculations with Gaussian 09 program. The
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calculations were performed with the B3LYP exchange correlation functional under cc-
PVDZ basis set. The absence of imaginary frequencies was confirmed with vibration
analysis. The electronic distribution of frontier molecular orbitals is shown in Figure 4.8. The
HOMO of the dyes was mainly composed of the donor, indoloindole core in all the three
cases. While in the case of 11D-12, the LUMO was localized on both acceptor groups, 11D-10

and 11D-11 were having LUMO located on only one acceptor part.
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Figure 4.8 Electronic distributions of frontier molecular orbitals of 11D-10, 11D-11 and 11D-
12 dyes.
4.8 Photovoltaic properties

4.8.1 J-V and IPCE measurements

We fabricated devices based on dyes 11D-10, 1ID-11, and 11D-12 by following the
procedures adopted in the previous sections. To circumvent the solubility issues of the dyes,
1:1 mixture of tert-butanol and acetonitrile were used as the dye bath. Photoanode was made

by socking electrodes in 0.2 mM dye solutions for 15 hour. The photovoltaic parameters of

devices obtained under AM 1.5 G illumination is shown in Table 4.3.
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Table 4.3 Photovoltaic parameters of dyes

Sensitizer | Voc(mV) | Jsc (mA/cm?) FF (%) Efficiency

11D-10 0.64+0.00085 | 6.97+0.024 74.9540.05 3.3410.007

11D-11 0.63+£0.00164 | 10.51+0.113 72.6210.29 4.81+0.050

11D-12 0.60+0.009 6.86+0.262 69.1340.13 2.87£0.940

Among the indolo[3,2-b]indole based dyes I1D-11 with furan as w-spacer was showcasing
best PCE of 4.81% with Jsc = 10.51 mA/cm?, Voc = 0.63 mV and FF = 72.62%. Though
benzene substituted dye 11D-10 was having slightly higher voltage, it lagged behind in
performance with an efficiency of 3.34% (Jsc = 6.97 mA/cm?, Voc = 0.64 mV and FF =
74.95%). Significantly higher current density generated in the solar cells based on 11D-11
made it to outperform 11D-10. 11D-12 delivered the lowest efficiency of 2.87% with both
lower current density and photovoltage (Jsc = 6.86 mA/cm? Voc = 0.60 mV and FF =
69.13%). The trend in current density observed is reflected in the IPCE curve which is
represented in Figure 4.9. 11D-11 display higher plateau region than rest of the molecules
with IPCE value >80% from 350 nm to 480 nm region and it has maximum IPCE value of
84% at 421 nm.
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4.8.2 Electron lifetime studies and charge extraction measurements
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Figure 4.10 (a) IMVS & (b) Charge extraction measurements of DSSCs

The open circuit potential of a device depends on its electron recombination resistance which
can in turn be probed by measuring the lifetime of devices. Here we have studied the lifetime
by IMVS technique which is a plot of lifetime as a function of light intensity (Figure 4.10).
The electron lifetime (t,) can be calculated from the expression t, = 1/2x=f, where f, is the
frequency minima of the IMVS imaginary component. According to the plot, higher lifetime
is observed for 11D-10 than 11D-11. The twisted conformation of benzene substituted dye
11D-10 may be helping to minimize the interaction between electrolyte and semiconductor

surface.

We also conducted charge extraction measurements to estimate the shift in conduction band
of TiO, for these dyes (Figure 4.9). A decreased Voc for constant Q indicates a positive shift
of conduction band edge. In the current set of compounds, at constant Q value, Voc was
found to increase in the order 11D-12>11D-11>11D-10 suggesting more positively shifted
conduction band edge results for 11D-10 and more negatively shifted conduction band in the
case of devices based on IID-12. The positively shifted conduction band for 11D-10 could
also suggest less electron recombination driving force and can also contribute towards
improved injection. This is evident from its higher Voc value which can be attributed to its
retarded charge recombination. Severe recombination happening in 11D-12 resulted in lower

Voc value for the same.
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4.9 Indoor light measurements

The remarkable feature of DSSC which makes it competitive to other PV technologies is its
ability to harvest artificial light sources such as light emitting diodes (LED) bulbs, halogen
lamps, and fluorescent lamp. So far different classes of dyes such as ruthenium complexes,
Zn porphyrin and organic dyes have been utilized for indoor light harvesting. Among these
the highest efficiency obtained is for a metal free dye CX22 (Figure 4.11). The dye which is
having a bis-anthracene m-bridge was reported by Chen et al. in 2022 and it could realize an

efficiency of 37% under 6000 lux illumination for T5 fluorescent lamp.

C4H9
CeH13z

0 CahHiy
Q O Q N(N;N
QN _ :d S Wy W
O

C4H942

CeH13

Figure 4.11 Molecular structure of CX22

Since all the three sensitizers developed was having steady absorption in the IPCE spectra,
we subjected them for indoor light measurements using day light CFL as light source and
recorded the performance for various light intensities from 1000 lux to 200 lux. The
photovoltaic parameters obtained are listed in Table 4.4. Except dye 11D-12, the other two
dyes were delivering improved performance when compared to those of outdoor condition.
While 11D-10 maintained almost similar performance at all irradiance levels, 11D-11 was
showcasing improvement in performance with decrease of light intensity. 11D-11 could
outperform 11D-10 with a PCE of 13.4% under 200 lux irradiation.
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Table 4.4 Photovoltaic parameters for indoor light measurements

(@) 1000 lux illumination

Sensitizer Voc (V) Jsc (pAcm?) FF (%) Efficiency (%0)
11D-10 539+1 56.57 + 0.01 725+ 0.5 6.92 + 0.02
11D-11 510+1 77.71 £ 0.01 78.6 £0.03 9.72 +£ 0.07
11D-12 0.42 £0.02 4712 +£1.12 422+ 29 2.70 £ 0.375

(b) 500 lux illumination

Sensitizer Voc (V) Jsc (mMAcm™) FF (%) Efficiency (%)
11D-10 514+ 3 27.42 + 0.003 66.8 + 0.6 6.13 £ 0.02
11D-11 495 + 3 39.88 + 0.002 80.4 +£ 0.5 10.32 £ 0.05
11D-12 0.31+0.025 2490 +2.73 3480+ 21 1.76 £ 0.239

(c) 200 lux illumination

Sensitizer Voc (V) Jsc (MAcm™) FF (%) Efficiency (%)
11D-10 496 + 1 12.98 £ 0.01 59.3 £ 0.5 6.70 £ 0.03
11D-11 475+ 2 19.73 £ 0.003 80.8 £ 0.5 13.4 £ 0.08
11D-12 0.20 £+ 0.005 10.45 £0.28 33.40 £ 0.6 1.21+ 0.003

4.10 Conclusion

In summary, we constructed 3 dyes adopting di-branched and di-anchoring architecture. The

dyes 11D-10 and 11D-11 are having indolo[3,2-b]indole as donor and differ in the m-spacer

being employed. While furan was utilized in 11D-11, 11D-10 incorporated benzene as m-

spacer. Indolo[2,3-b]indole was also utilized as the donor to furnish the dye 11D-12 which is
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having furan as m-spacer. Due to the higher light harvesting ability of 11D-11, it could
generate significantly higher current density which helped it to outperform 11D-10 even when
it was having slightly lower photovoltage. Due to severe recombination and inferior light
harvesting ability, 11D-12 based devices showcased least current density and photovoltage
leading to poor performance compared to the rest of the dyes. Indoor light measurements
under DL CFL revealed superior performance of I1ID-11 with 13.4% under 200 lux

illumination.
4.11 Experimental section

General Methods

All chemicals were of the best grade commercially available and were used without further
purification. All solvents were purified according to standard procedure; dry solvents were
obtained according to the literature methods and stored over molecular sieves. Gravity
column chromatography was performed using neutral alumina and mixtures of hexane-ethyl
acetate were used for elution. Melting points were determined on a Buchi melting point
apparatus and are uncorrected. Proton nuclear magnetic resonance spectra (*H NMR) were
recorded on a Bruker AMX 500 spectrophotometer (CDCI; and Acetone-ds as solvents).
Chemical shifts for "H NMR spectra are reported as & in units of parts per million (ppm)
downfield from SiMes (& 0.0) and relative to the signal of chloroform-d (5 7.25ppm)
Acetone-d6 (2.05 ppm). Multiplicities were given as: s (singlet); d (doublet); t (triplet); q
(quartet); dd (double doublet); m (multiplet). Coupling constants are reported as J value in
Hz. Carbon nuclear magnetic resonance spectra (°C NMR) are reported as & in units of parts
per million (ppm) downfield from SiMe, (6 0.0) and relative to the signal of chloroform-d (&
77.03 ppm) and Acetone-ds (29.84 and 206.26 ppm). Mass spectra were recorded under
ESI/HRMS at 60,000 resolution using Thermo Scientific Exactive mass spectrometer. The
UV-visible absorbance was studied using a SCHIMADZU UV-1800 UV-Visible
spectrophotometer, using commercially available 1 cm quartz cuvette purchased from Sigma-
Aldrich.

The starting material 5 was synthesized from 3-bromoaniline via a four step synthetic

strategy by adopting reported procedures.’

132



Chapter 4

Synthesis of 5-bromo-2-(5-bromo-2-nitrophenyl)-1H-indole (7): To a 100 mL schlenck
flask were added compound 5 (1 g, 5.1 mmol), compound 6 (2.5 g, 6.12 mmol), Pd(OAc),
(57 mg, 5 mol%), K,CO3 (1.4 g, 10.2 mmol), and norbornene (1 g, 10.2 mmol). The reaction
vessel was degassed using vacuum pump and back filled with argon. This procedure was
repeated three times which was followed by addition of 0.5 molar solution of H,O in DMA as
solvent under argon atmosphere. The reaction mixture was stirred at 70 °C for 48 h. The
crude reaction mixture was then filtered through celite and extracted with ethyl acetate. The
organic layer was washed successively with water and brine which was then dried over
Na,SO,. Solvent removal was followed by column purification on silica gel to obtain 7 as red
coloured solid (400 mg, 1.01 mmol, 20%). mp 158-160 °C. *H NMR (500 MHz, CDCls):
8.54 (s, 1H), 7.77 (d, J = 1.5 Hz, 1H), 7.70 (s, 1H), 7.67 (d, J = 8.5 Hz, 1H), 7.58-7.56 (m,
1H), 7.28-7.26 (m, 1H), 7.19 (d, J = 4 Hz, 1H), 6.60 (s, 1H) ppm; *C NMR (125 MHz,
(CDCls) : 147.3, 135.6, 134.6, 132.2, 132.0, 129.7, 128.4, 127.1, 126.6, 126.0, 123.6, 113.9,
112.8, 104.7 ppm. HRMS (ESI) m/z: (M + H)+ calcd for Cy4HyBr,N,O, 394.9025, found
394.9034.

Synthesis of 3,8-dibromo-5-dodecyl-5,10-dihydroindolo[3,2-b]indole (8): To a stirred
solution of 7 (1 g, 2.52 mmol) in dry DMF was added NaH (90 mg, 3.78 mmol) under
nitrogen atmosphere at 0 °C. The reaction mixture was then warmed to room temperature and
stirred for 30 minutes. The reaction mixture was cooled again to 0 °C and 1-bromododecane
(755 mg, 3 mmol) was added dropwise and stirred at room temperature for 8 hours. Upon
completion, the reaction mixture was quenched by adding water slowly and then extracted
with EtOAc. The organic layer was washed successively with water and brine which was
then dried over anhydrous Na,SO,. After solvent removal, column purification was done on
silica gel to isolate the alkylated product as red coloured viscous oil (1.4 g, 2.48 mmol, 98%).
Rf : 0.5 (5% EtOAc in hexane). *H NMR (500 MHz, CDCls): 7.87 (d, J = 9 Hz, 1H), 7.69-
7.67 (m, 2H), 7.62 (s, 1H), 7.26 (d, J = 9 Hz, 1H), 7.18-7.16 (m, 1H), 6.34 (s, 1H), 3.83 (t, J
= 7 Hz, 2H), 1.55-1.52 (m, 2H), 1.22-1.05 (m, 18H), 0.80 (t, J = 7Hz, 3H) ppm; **C NMR
(125 MHz, (CDCly) : 148.2, 136.2, 135.7, 134.9, 133.0, 129.4, 129.2, 127.3, 125.9, 125.3,
1235, 113.2, 111.5, 102.6, 44.5, 31.9, 29.7, 29.6, 29.5, 29.4, 29.3, 29.0, 26.8, 22.7, 14.1 ppm.
HRMS (ESI) m/z: (M + H)" calcd for CogH33Br,N,Os 563.0909, found 563.0917.

To this alkylated intermediate (1.4 g, 2.48 mmol) in DMA was added PPh; (1.62 g, 6.2

mmol) and stirred the reaction mixture for 24 h at 165 °C. After completion of the reaction,
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the reaction mixture was extracted with ethyl acetate and washed successively with water and
brine. After solvent removal, column purification was done on silica gel to isolate the product
8 as colourless solid (1 g, 1.88 mmol). mp 74-76 °C. *H NMR (500 MHz, (CDs),CO): 10.41
(s, 1H), 7.93 (s, 1H), 7.83 (s, 1H), 7.46-7.40 (m, 2H), 7.24-7.21 (m, 2H), 4.48-4.46 (m, 2H),
1.83-1.81 (m, 2H), 1.24-1.07 (m, 18H), 0.73 (t, J = 7 Hz, 3H) ppm; *C NMR (125 MHz,
((CD3),CO) : 139.5, 126.8, 124.8, 124.5, 120.5, 120.0, 116.1, 115.7, 114.0, 111.8, 111.0,
110.5, 44.8, 31.7, 30.1, 26.7, 22.4, 13.4 ppm. HRMS (ESI) m/z: (M) calcd for CogHs3,Br2N;
530.0932, found 530.0926.

Synthesis of 3,8-dibromo-5,10-didodecyl-5,10-dihydroindolo[3,2-b]indole (9): To a stirred
solution of 8 (1 g, 1.88 mmol) in dry DMF was added NaH (68 mg, 2.82 mmol) under
nitrogen atmosphere at 0 °C. The reaction mixture was then warmed to room temperature and
stirred for 30 minutes. The reaction mixture was cooled again to 0 °C and 1-bromododecane
(563 mg, 2.26 mmol) was added dropwise and stirred at room temperature for 8 hours. Upon
completion, the reaction mixture was quenched by adding water slowly and then extracted
with EtOAc. The organic layer was washed successively with water and brine which was
then dried over anhydrous Na,SO,. After solvent removal, column purification was done on
silica gel to isolate the alkylated product 9 as colourless solid (1.26 g, 1.78 mmol, 95%). mp
110-114 °C. *H NMR (500 MHz, CDCls): 6 7.83 (2H, s), 7.30 (d, J = 9 Hz, 2H), 7.25 (d, J =
9 Hz, 2H), 4.34 (t, J = 7 Hz, 4H), 1.89-1.82 (m, 4H), 1.30-1.15 (m, 36H), 0.81-0.79 (m, 6H)
ppm; *C NMR (125 MHz, (CDCls) : 139.3, 125.7, 124.7, 120.3, 115.5, 111.2, 111.1, 45.4,
1.9, 30.2, 29.6, 29.6, 29.4, 29.3, 29.3, 27.0, 22.7, 14.2 ppm. HRMS (ESI) m/z: (M)" calcd for
CasHseBroN, 698.2810, found 698.2791.

Synthesis of 4,4'-(5,10-didodecyl-5,10-dihydroindolo[3,2-b]indole-3,8
diyl)dibenzaldehyde (10): A mixture of 9 (100 mg, 0.14 mmol), (4-formylphenyl)boronic
acid (64 mg, 0.42 mmol), Pd,(dba); (6 mg, 5 mol%), P(o-tolyl)s (4 mg, 5 mol%), KF (24 mg,
0.42 mmol) were weighed into a Schlenk tube and degassed for 10 minutes. Degassed DMF
and toluene in a 1:1 ratio was then added and the reaction mixture was purged with argon and
allowed to stir at 110 °C for 24 hours. The reaction mixture was extracted with ethyl acetate.
The combined organic layer was washed with brine and dried over Na,SO,4. Solvent was
evaporated under pressure and the residue on silica gel column chromatography yielded the
product 10 as a yellow coloured solid (50 mg, 0.066 mmol, 47%). mp 110-114 °C. *H NMR
(500 MHz, CDCls): 10.01 (s, 2H), 8.02 9.58 (s, 2H), 7.92 (d, J = 8 Hz, 4H), 7.80 (d, J = 8 Hz,

134



Chapter 4

4H), 7.55 (d, J = 8.5 Hz, 2H), 7.50 (d, J = 8.5 Hz, 2H), 4.51(t, J = 6.5 Hz, 4H), 2.0-1.95 (m,
4H), 1.40-1.13 (m, 36H), 0.78 (t, J = 7 Hz, 6H) ppm; *C NMR (125 MHz, (CDCls): 192.0,
148.6, 140.7, 134.4, 130.4, 130.1, 127.6, 126.8, 121.5, 116.7, 115.1, 110.4, 45.6, 31.9, 30.3,
29.6, 29.5, 29.4, 29.3, 27.2, 22.7, 14.1 ppm. HRMS (ESI) m/z: (M)*calcd for Cs;HgsN202
750.5124, found 750.5138.

Synthesis of 3-(4-(8-(4-((E)-2-carboxy-2-cyanovinyl)phenyl)-5,10-didodecyl-5,10-
dihydroindolo[3,2-b]indol-3-yl)phenyl)-2-cyanoacrylic acid  (I11D-10): A mixture of
aldehyde 10 (50 mg, 0.066 mmol), cyanoacetic acid (28 mg, 0.33 mmol) and 12 pL of
piperidine in acetonitrile were heated at reflux overnight under argon atmosphere. After
cooling to room temperature, the product was precipitated by pouring into water. It was then
washed with dilute hydrochloric acid followed by water and dried in vacuum oven. The
product 11D-10 was obtained as orange coloured solid (43 mg, 0.049 mmol, 74%). mp 264-
266 °C. 'H NMR (500 MHz, DMF-d;: (CD3),CO): 9.29 (s, 2H), 9.23 (s, 2H), 9.09 (d, J = 8
Hz, 4H), 8.93 (d, J = 8 Hz, 4H), 8.84 (s, 1H), 8.65 (s, 3H), 5.64-5.62 (m, 3H), 2.30-2.0 (m,
36H), 1.70-1.67 (m, 6H) ppm. *C NMR (125 MHz, DMF-d;: (CDs),CO): 152.4, 141.4,
140.9, 131.2, 1295, 127.2, 126.8, 121.2, 116.5, 115.1, 110.7, 45.0, 31.8, 26.7, 22.4, 13.4
ppm. HRMS (ESI) m/z: (M)*calcd for CsgHegN2O4 884.5241, found 884.5291.

Synthesis of 5,5'-(5,10-didodecyl-5,10-dihydroindolo[3,2-b]indole-3,8-diyl)bis(furan-2-
carbaldehyde) (11): A mixture of 9 (100 mg, 0.14 mmol), 5-Formyl-2-furanylboronic acid
(59 mg, 0.42 mmol), Pd,(dba)s (6 mg, 5 mol%), P(o-tolyl)s (4 mg, 5 mol%), KF (24 mg, 0.42
mmol) were weighed into a Schlenk tube and degassed for 10 minutes. Degassed DMF and
toluene in a 1:1 ratio was then added and the reaction mixture was purged with argon and
allowed to stir at 110 °C for 24 hours. The reaction mixture was extracted with ethyl acetate.
The combined organic layer was washed with brine and dried over Na,SO,. Solvent was
evaporated under pressure and the residue on silica gel column chromatography yielded the
product 11 as a yellow coloured solid (52 mg, 0.071 mmol, 51%). mp 130-132 °C. *H NMR
(500 MHz, CDClg): 9.58 (s, 2H), 8.23 (s, 2H), 7.70 (d, J = 8.5 Hz, 2H), 7.45 (d, J = 8.5 Hz,
2H), 7.31 (d, J = 3.5 Hz, 2H), 6.77 (d, J = 3.5 Hz, 2H), 4.50 (t, J = 7 Hz, 4H), 1.98-1.95 (m,
4H), 1.37-1.12 (m, 36H), 0.78 (t, J = 7 Hz, 6H) ppm; **C NMR (125 MHz, (CDCls) : 176.7,
161.3, 151.8, 141.0, 127.2, 119.7, 119.6, 115.3, 114.4, 110.7, 106.1, 45.6, 31.9, 30.2, 29.6,
29.6, 29.6, 29.5, 29.4, 29.3, 27.1, 22.7, 14.1 ppm. HRMS (ESI) m/z: (M)" calcd for
C4sHs2N204 730.4710, found 730.4713.
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Synthesis of 3,3'-((5,10-didodecyl-5,10-dihydroindolo[3,2-b]indole-3,8-diyl)bis(furan-
5,2-diyl))bis(2-cyanoacrylic acid) (I11D-11): A mixture of aldehyde 11 (50 mg, 0.068
mmol), cyanoacetic acid (29 mg, 0.34 mmol) and 14 uL of piperidine in acetonitrile were
heated at reflux overnight under argon atmosphere. After cooling to room temperature, the
product was precipitated by pouring into water. It was then washed with dilute hydrochloric
acid followed by water and dried in vacuum oven. The product 11D-11 was obtained as red
coloured solid (40 mg, 0.046 mmol, 68%). mp 258-260 °C. *H NMR (500 MHz, (CDs3),SO):
8.57 (s, 2H), 8.07 (s, 2H), 7.89 (d, J = 9 Hz, 2H), 7.82 (d, J = 9 Hz, 2H), 7.59 (d, J = 3.5 Hz,
2H), 7.38 (d, J = 4 Hz, 2H), 4.66 (t, J = 6 Hz, 4H), 1.90-1.87 (m, 4H), 1.26-1.02 (m, 36H),
0.79 (t, J = 7 Hz, 6H) ppm; *C NMR (125 MHz, (CD3),SO) : 164.9, 161.4, 147.3, 141.4,
137.7, 126.8, 120.0, 119.6, 117.6, 115.7, 114.4, 111.7, 108.8, 70.0, 45.0, 31.6, 30.1, 29.4,
29.1, 29.1, 28.9, 22.5, 14.4 ppm. HRMS (ESI) m/z: (M)*calcd for Cs4HssN4O¢ 864.4826,
found 864.4931.

Synthesis of 5-bromo-3-(5-bromo-2-nitrophenyl)-1-dodecyl-1H-indole (13): A mixture of
4-bromo-2-iodo-1-nitrobenzene (2 g, 6.0 mmol), 12 (4.4 g, 12 mmol), Pd(OACc), (4 mol%),
NaOAc (246 mg, 3 mmol) and Ag.O (1.4 g, 6 mmol) in HFIP was stirred at room
temperature for 36 hour. The reaction mixture was then filtered through a short pad of celite
and solvent was removed under reduced pressure. The residue obtained was then subjected to
column chromatography on silica gel to obtain the product 13 as red coloured viscous oil (1g,
1.77 mmol, 30%). Ry: 0.56 (5% EtOAc in hexane). *H NMR (500 MHz, CDCls): 7.67 (s, 1H),
7.63 (d, J = 8.5 Hz, 1H), 7.53 (s, 1H), 7.48-7.46 (m, 1H), 7.26 (d, J = 9 Hz, 1H), 7.18-7.15
(m, 2H), 4.03 (t, = 7 Hz, 2H), 1.77-1.74 (m, 2H), 1.22-1.67 (m, 18H), 0.80 (t, J = 7 Hz, 3H)
ppm; C NMR (125 MHz, (CDCls): 148.4, 135.1, 134.9, 130.7, 130.2, 128.5, 128.2, 126.4,
125.7, 125.4, 121.4, 114.0, 111.6, 109.1, 46.9, 31.9, 30.1, 29.6, 29.6, 29.5, 29.4, 29.2, 26.9,
22.7, 14.2 ppm. HRMS (ESI) m/z: (M + Na)* calcd for CpsH3,Br,N,NaO, 585.0728, found
587.0737.

Synthesis of 2,9-dibromo-5,6-didodecyl-5,6-dihydroindolo[2,3-b]indole (14): To a
mixture of 13 (1 g, 1.77 mmol) in DMA was added PPhs (1.15 g, 4.42 mmol) and stirred the
reaction mixture for 24 h at 165 °C. After completion of the reaction, the reaction mixture
was extracted with ethyl acetate and washed successively with water and brine. After solvent
removal, column purification was done on silica gel to isolate the desired product as
colourless solid (650 mg, 1.22 mmol, 69%). mp 84-86 °C. *H NMR (500 MHz, (CD3),CO):
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10.78 (s, 1H), 7.98 (d, J = 6.5 Hz, 2H), 7.33 (d, J = 8.5 Hz, 1H), 7.23 (d, J = 8 Hz, 1H), 7.14
(d, J = 8.5 Hz, 1H), 7.09 (d, J = 8.5 Hz, 1H), 4.26 (t, J = 7 Hz, 2H), 1.83-1.78 (m, 2H), 1.26-
1.08 (m, 18H), 0.73 (t, J = 7 Hz, 3H) ppm; *C NMR (125 MHz, (CD5),CO): 146.7, 137.9,
137.8, 124.0, 123.4, 122.2, 122.0, 120.7, 120.5, 113.1, 112.8, 112.5, 111.3, 98.7, 43.8, 31.7,
26.6, 22.4, 13.5 ppm. HRMS (ESI) m/z: (M + 2)" calcd for CysH3,BrN, 532.0932, found
532.0928.

To a stirred solution of this intemediate (500 g, 0.94 mmol) in dry DMF was added NaH (34
mg, 1.41 mmol) under nitrogen atmosphere at 0 °C. The reaction mixture was then warmed to
room temperature and stirred for 30 minutes. The reaction mixture was cooled again to 0 °C
and 1-bromododecane (282 mg, 1.13 mmol) was added dropwise and stirred at room
temperature for 8 hours. Upon completion, the reaction mixture was quenched by adding
water slowly and then extracted with EtOAc. The organic layer was washed successively
with water and brine which was then dried over anhydrous Na,SO,. After solvent removal,
column purification was done on silica gel to isolate the alkylated product 14 as colourless
solid (550 mg, 0.78 mmol, 83%). mp 66-68 °C. *H NMR (500 MHz, CDCls): 7.85 (s, 2H),
7.21-7.19 (m, 2H), 7.12 (d, J = 8.5 Hz, 2H), 4.21 (t, J = 7 Hz, 4H), 1.78-1.74 (m, 4H), 1.32-
1.17 (m, 36H), 0.80 (t, J = 7 Hz, 6H) ppm; *C NMR (125 MHz, (CDCls): 145.0, 138.3,
123.1, 122.4, 120.8, 113.4, 110.6, 99.8, 44.4, 32.0, 30.4, 29.6, 29.5, 29.3, 27.0, 22.7, 14.1
ppm. HRMS (ESI) m/z: (M + H)" calcd for C3gHs;Br,N, 699.2883, found 699.2887.

Synthesis of 5-(5,6-didodecyl-9-(4-formylfuran-2-yl)-5,6-dihydroindolo[2,3-b]indol-2-
yl)furan-2-carbaldehyde (15): A mixture of 14 (100 mg, 0.14 mmol), 5-Formyl-2-
furanylboronic acid (59 mg, 0.42 mmol), Pd,(dba); (6 mg, 5 mol%), P(o-tolyl); (4 mg, 5
mol%), KF (24 mg, 0.42 mmol) were weighed into a Schlenk tube and degassed for 10
minutes. Degassed DMF and toluene in a 1:1 ratio was then added and the reaction mixture
was purged with argon and allowed to stir at 110 °C for 24 hours. The reaction mixture was
extracted with ethyl acetate. The combined organic layer was washed with brine and dried
over Na,SO,. Solvent was evaporated under pressure and the residue on silica gel column
chromatography yielded the product 15 as a yellow coloured solid (40 mg, 0.055 mmol,
39%). mp 92-94 °C. *H NMR (500 MHz, CDCls): 9.59 (s, 2H), 8.33 (s, 2H), 7.65 (d, J = 8.5
Hz, 2H), 7.34-7.32 (m, 4H), 6.90 (d, J = 3.5 Hz, 2H), 4.29 (t, J = 7 Hz, 4H), 1.85-1.82 (m,
4H), 1.38-1.17 (m, 36H), 0.80 (t, J = 7 Hz, 6H) ppm. **C NMR (125 MHz, (CDCls): 176.8,
161.8, 151.7, 145.2, 140.4, 122.0, 121.5, 117.9, 115.9, 109.8, 106.7, 44.5, 31.9, 30.6, 29.6,
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29.5, 29.3, 27.1, 22.7, 14.1 ppm. HRMS (ESI) m/z: (M + Na)" calcd for CsgHgNoNaOy
753.4602, found 753.4627.

Synthesis of 3-(5-(9-(4-(-2-carboxy-2-cyanovinyl)furan-2-yl)-5,6-didodecyl-5,6-
dihydroindolo[2,3-b]indol-2-yl)furan-2-yl)-2-cyanoacrylic acid (11D-12): A mixture of
aldehyde 15 (50 mg, 0.068 mmol), cyanoacetic acid (29 mg, 0.34 mmol) and 14 uL of
piperidine in acetonitrile were heated at reflux overnight under argon atmosphere. After
cooling to room temperature, the product was precipitated by pouring into water. It was then
washed with dilute hydrochloric acid followed by water and dried in vacuum oven. The
product 11D-12 was obtained as red colored solid (45 mg, 0.052 mmol, 76%). mp 216-220
°C. 'H NMR (500 MHz, (CD3),S0): 8.50 (s, 2H), 8.00 (s, 2H), 7.83-7.76 (m, 4H), 7.65 (s,
2H), 7.30 (s, 2H), 4.49 (s, 4H), 1.83 (s, 4H), 1.38-1.18 (m, 36H), 0.82 (s, 6H) ppm. *C NMR
(125 MHz, (CD3),SO): 164.6, 161.3, 147.2, 140.6, 137.6, 121.5, 121.1, 117.4, 117.2, 115.4,
111.2, 108.3, 100.9, 96.0, 70.3, 31.8, 31.0, 29.5, 29.3, 29.2, 29.1, 27.1, 26.6, 22.5, 14.4 ppm.
HRMS (ESI) m/z: (M )" calcd for Cs4HgsN4Og 864.4826, found 864.4885.
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Dye sensitized solar cells which belong to the third generation photovoltaic has got many
attractive features which can ensure this technology as an emerging alternative to
conventional energy sources like fossil fuels. Among the different components of a DSSC
cell, dye sensitizer plays a key role. Exploration of novel scaffolds as sensitizer components
has always got its own relevance. As a part of the thesis work, we tried to explore the
potential of different indole fused heterocycles as sensitizer. Chapter 1 gives a brief
introduction to the background literature where indole fused heterocycles were used either as
a donor or as a m-spacer to construct photosensitizers for DSSC applications. Chapter 2
which is divided into two parts deals with the utilization of indoloindole as donor to develop
D-n-A dyes for DSSC. Part A of the chapter deals with indolo[3,2-b]indole donors.
Optimization of alkyl chain length (hexyl and dodecyl) as well as =-spacers (benzene,
thiophene, furan) revealed the significant role played by dodecyl chain in preventing back
electron transfer reactions. In this scenario, the dyes with better LHE (Furan spacer, 11D-6)
could showcase better PV performance. In the second part we did similar optimization studies
utilizing indolo[2,3-b]indole as donor keeping the alkyl chain fixed as dodecyl. The LHE
played major role in regulating the PCE of dyes which lead to maximum for furan substituted
dye (11D-9) and minimum for benzene substituted one (I11D-7). Chapter 3 deals with
benzothienoindole donor based dyes with optimization of n-spacers. While Chapter 3A deals
with BID1-BID3 (benzothieno[3,2-b]indole as donor), the second part of the chapter deals
with BID4-BID6 (benzothieno[2,3-b]indole as donor). In both the set of dyes, furan
substituted dyes outperformed the rest and least was delivered by benzene based sensitizers.
The systematic investigations of donors in the previous sections revealed the superiority of
indolo[3,2-b]indole in device performance. Hence, in Chapter 4 we adopted a bifunctional
D(n-A), architecture taking indolo[3,2-b]indole as the donor. We changed the w-spacer as
benzene (11D-10) and furan (I1D-11) keeping the acceptor/anchoring group fixed as
cyanoacrylic acid. Another dye 11D-12 with the same molecular architecture utilizing
indolo[2,3-b]indole as donor, furan as =-spacer and cyanoacrylic acid as the
anchoring/acceptor group was also subjected to performance evaluation. The former set of
compounds outperformed the latter both in indoor and outdoor conditions. Among the
indolo[3,2-b]indole donor based dyes, 11D-11 with higher absorption and recombination
resistance exhibited better efficiency under both indoor and outdoor conditions.
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Abstract: Three metal free organic D-11-A dyes with benzothieno[3,2-
blindole as electron donor, cyanoacrylic acid as both electron
acceptor and anchoring group with benzene (BID-1), thiophene (BID-
2) and furan (BID-3) as 1r-spacers were designed and synthesized for
application in dye-sensitized solar cells (DSSCs). Planar and electron
rich heterocycle such as benzothieno[3,2-b]indole offers better
backbone rigidity and improved charge transport properties in
comparison to indolo[3,2-b]indole donor, previously reported from our
group. Additionally, we synthesized benzothieno[3,2-b]indole donor
grafted with longer alkyl chains which efficiently prevented the
approach of oxidized species in electrolyte coming closer to
semiconductor thereby arresting recombination. Power conversion
efficiency of 4.11% was achieved for dye-sensitized solar cells based
on furan Tr-spacer benzothieno[3,2-b]indole dye BID-3 in comparison
to the corresponding indolo[3,2-blindole dye (IID-3) having an
efficiency of 1.71%. Detailed interfacial electrical measurements
along with theoretical calculations disclosed the mechanism of back
electron transfer and improvement in photovoltaic performance with
respect to variation in both donor and 1-spacer.

Introduction

The dependence on renewable energy sources are growing
exponentially, out of which harvesting solar energy occupies a
prominent position. For the past three decades, research on
development of technologies for effective conversion and
utilization of sunlight were given utmost importance globally.?
Even with the requirement of high purity materials and high
production cost, silicon based photovoltaics are the market
leading technology and are used extensively for outdoor light
harvesting. The need for a more promising, inexpensive and low
cost alternative to silicon triggered research on developing new
generation of molecular photovoltaics.? In 1991, Brian O’ Regan
and Michael Grétzel introduced one of the most prominent class
of molecular photovoltaic technology, dye-sensitized solar cells
(DSSCs) which mimics natural photosynthesis.® This innovation
received wide attention in both academic and industrial sector
with the added advantage of its low cost, colour tunability,
flexibility to use both on rigid and flexible substrates, ease of
fabrication and high efficiency in indoor/ambient light conditions.*
DSSC consists of three main components, a mesoporous
semiconductor, sensitizer and redox electrolyte.> The
photovoltaic performance of DSSC depends on each of these

components along with the complex interactions that takes place
in between these components at the various interfaces. Out of
these components, sensitizer harness the light and occupies a
prominent position.® Sensitizers are mainly classified into metal
complex and metal free dyes. Ruthenium (Ru) and Zinc (Zn)
porphyrins are the two major class of highly efficient and well-
studied metal complex sensitizers.” The drawbacks of
conventional metal complexes such as high cost, scarcity of
materials, difficulty in ligand structural modifications and
moderate light absorption have prompted the search for metal
free organic dyes.® The most common organic dye architectures
follow D-m-A, D-m-m-A, D-D-m-A and D-A-m-A designs.®
Cyanoacrylic acid group being the best acceptor and linker
functionality, novel design strategies for metal free organic
sensitizers involves modifications of donor and 1 -spacers.

Aryl amines, carbazoles and indoles are the commonly used
donors in high performing DSSCs.2%*2 There is a need to develop
other alternative novel units with higher donor strength, more
capability to reduce aggregation and to prevent recombination
and which can be made with less complicated synthetic
methodologies. Recently, we reported the synthesis of indole
based heteroacenes via sequential multicomponent reaction-
oxidation strategy.’® Soon after we utilized this methodology to
synthesize three dyes following the D-1-A design, employing
indolo[3,2-b]indole as the electron donor and cyanoacrylic acid as
the acceptor group.* The power conversion efficiency of these
dyes were studied by varying the T-spacer between furan,
thiophene and benzene. The dye with benzene as T-spacer was
found to perform more efficiently than the other two dyes and this
was attributed to the low recombination found in the benzene
substituted dye due to its twisted conformation which prevented
aggregation thus leading to better lifetime. In spite of having a
broad absorption profile the furan substituted dye (IID-3)
displayed much inferior performance due to higher recombination.
In the present work, we report the synthesis, opto-electronic
properties, theoretical analysis and photovoltaic properties of a
new class of D-m-A dyes employing molecularly engineered
benzothieno[3,2-blindole as the donor unit. Benzothieno[3,2-
blindole, is an electron rich fused ring planar system which can
serve as a good donor functionality in metal free organic
sensitizers. Very recently, Lee and Hong reported the use of
benzothieno[3,2-bjindole as a hole transport unit in the fabrication
of OLEDs.® Unlike indolo[3,2-b]indole, benzothieno[3,2-b]indole
is an under explored tetracene and to the best of our knowledge,
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this moiety has not been explored till date for photovoltaic
applications. In the present work, we designed and synthesized
three dyes with benzothieno[3,2-b]indole as the donor motif and
by varying the tr-spacer [benzene (BID-1), thiophene (BID-2) and
furan (BID-3), Figure 1].

- spacer

@ BID-1
Q BID-2
@ BID-3

o

77)11 CN
n - spacer — =

CO,H
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Figure 1. Benzothieno[3,2-blindole based dyes BID-1, BID-2 and BID-3 and
indolo[3,2-bJindole dye (IID-3).

All the three dyes were used for the fabrication of dye-sensitized
solar cells and benzothieno[3,2-blindole dye with furan as -
spacer (BID-3) gave the best efficiency in the series delivering a
PCE of 4.11%. There is an improvement of ~140% in PCE
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compared to the analogous indolo[3,2-b]indole donor based
organic dye with the same -spacer. More importantly, we
succeeded in arresting back electron transfer (recombination)
efficiently by switching over to this tetracene donor which provided
us the opportunity to use furan as 1-spacer augmenting the light
harvesting capabilities and thereby realizing improved
photovoltaic  performance. A detailed investigation of
recombination pathways at various interfaces in these devices
employing a range of electrical and optical perturbation
techniques shines light in a way to probe the mechanism of
electron transfer which helps to further fine tune the performance
in future.

Results and Discussion

Synthesis and Characterization

The target molecules BID-1, BID-2, and BID-3 were synthesized
by following a five-step synthetic strategy. We commenced the
synthesis with the nitration of 5-bromobenzothiophene by
following reported protocols.'® Compound 1 was subjected to a
one-pot MCR/oxidation process to afford benzothieno[3,2-
blindole (4) in 70 % yield. The T-spacer was then attached to the
donor moiety by Suzuki reaction of 4-formyl phenyl boronic acid,
(5-formylthiophen-2- yl)boronic acid and (5-formylfuran-2-
yl)boronic acid with 4 to afford the molecules 5, 6 and 7
respectively. Finally, the acceptor part was attached to 5, 6 and 7
via Knoevenagel condensation with cyanoacetic acid furnishing
the dyes BID-1, BID-2, and BID-3 respectively. The entire
synthetic route for BID-1, BID-2, and BID-3 starting from 4 is
given in Scheme 1. We have drawn the terminal double bonds of
BID dyes in E-configuration by following the DFT results.

1. 4A MS, toluene  Br. (m
80°C,12h

NG COOH

_
NH4OAc, AcOH
80°C,12h

! BID-1 (73%)

NG >COOH

N SOPR
NH,4OAc, AcOH !

80°C,12h
' BID-2 (40%)

NC” > CooH

—
NH,OAc, AcOH !
80°C,12h

Scheme 1. Synthetic route adopted for benzothieno[3,2-blindole based dyes BID-1, BID-2 and BID-3.
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Photophysical Properties

The absorption spectra of dyes BID-1, BID-2 and BID-3 in CHCl3
are shown in Figure 2 and the corresponding data is listed in
Table 1. All the three sensitizers exhibited absorption in the range
of 300-520 nm. The absorption profile of BID-2 and BID-3
consists of three prominent bands. The bands at 300-360 nm
wavelength is attributed to localized - transitions and the
bands positioned at lower energy wavelength regions can be
attributed to the intramolecular charge transfer (ICT) transitions
between donor and terminal acceptor units, respectively. In case
of BID-2 and BID-3, the ICT bands exhibited an extinction
coefficient of 31060 M-1cm™ and 28560 M~cm™ respectively. The
absorption spectrum of BID-1 is blue shifted compared to that of
the other two dyes and is also not exhibiting significant
intramolecular charge transfer band, which can be an indication
of the interrupted delocalization between donor and acceptor
moieties. The absorption spectra got red shifted on changing the
m-spacer from benzene to furan via thiophene which is
augmented by the dihedral angle between the donor and Tr-
spacer unit which got decreased in the order 35.4° (benzene) >
17.6° (thiophene) > 7.0° (furan). With a more planar geometry in
thiophene and furan substituted dyes, BID-2 and BID-3
showcased improved charge transfer properties leading to
enhanced light harvesting. The ICT behavior of the dyes were
investigated by solvatochromic studies. The absorption of dyes
was taken in toluene, chloroform, tetrahydrofuran and acetonitrile
(Figure S3, Figure S4 and Figure S5). It was found that upon
increasing solvent polarity, significant shift in absorption was
observed for the band at longer wavelength region for BID 2 and
BID 3 and minimal changes were exhibited by BID 1. The
negative solvatochromism displayed by the dyes indicates
stabilization of the ground state of the dyes in polar solvents.
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Figure 2. Absorption spectra of BID-1, BID-2, and BID-3 measured in
chloroform.

Electrochemical Properties

To investigate the molecular energy levels, cyclic voltammetry
measurements  were  performed in  CH.Cly, using
tetrabutylammonium  hexafluorophosphate (0.1 M) as the
supporting electrolyte, Ag/AgCl as reference electrode, Pt as
working and counter electrode and ferrocene as internal standard
at 0.63 V vs. NHE (Figure 3). The oxidation potentials of BID-1,
BID-2, and BID-3 were calculated with respect to ferrocene and
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were converted to NHE using the equation, Enomo = [Eox(Fc/Fc*)
+ 0.63 V].Y LUMO level (ELumo) was calculated as the difference
Enowmo - Eo-0. Eo-o (band gap) was determined from the tangent
intercept of absorption edges. All photophysical and
electrochemical values are tabulated in Table 1. The HOMO level
of BID-1, BID-2 and BID-3 were observed to be 1.24 V, 1.28 V
and 1.25 V vs. NHE. In all the three dyes, the donor unit being the
same (benzothieno[3,2-blindole) and HOMO being exclusively
distributed on the donor site, very less change in the ground state
oxidization potential was observed.
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0.5 —=— BID-2
——BID-3

0.0
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Figure 3. Cyclic voltammogram of BID-1, BID-2, and BID-3 dyes in
dichloromethane.

The schematic representation of dye energy levels along with
TiO, conduction band and electrolyte redox potential are
represented in Figure 4. The ground state redox potentials for all
the BID dyes were substantially more positive than that of
iodide/triiodide redox potential (0.4 V vs. NHE), indicating that
regeneration is energetically favorable in all the three dyes. The
optical transition energies (Eq-o) of BID-1, BID-2 and BID-3 were
2.9 eV, 2.58 eV and 2.54 eV respectively. The LUMO energy
levels were determined by subtracting Eq— from HOMO energy
level which gave values of, -1.66, -1.30 and -1.29 V for BID-1,
BID-2 and BID-3 respectively. The LUMO energy levels are
relatively negative with respect to the position of the TiO;
conduction band (-0.5 V vs. NHE) in a way to allow efficient
electron injection.

Vs NHE
-1.66
-1.30
-1.29
-0.5
2.54
0.4
Iy
1.24 1.25
1.28
BID-1 BID-2 BID-3

Figure 4. Energy level diagram of BID dyes.
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Table 1. Photophysical and electrochemical data of BID dyes, V vs. NHE.

Sensitizer Amax, Nnm Eox(Fe/Fc+) Eromo Eo-0 ELumo
(g, Micm™?) % V) (eV) (]
BID-1 350 (37660) 0.61 1.24 2.90 -1.66
BID-2 406 (31060) 0.65 1.28 2.58 -1.30
BID-3 420 (28560) 0.62 1.25 2.54 -1.29
DFT Studies

A better knowledge on molecular geometry along with electron
density distribution will pave the way towards deeper
understanding of interfacial electron transfer dynamics in dye-
sensitized solar cells. Additionally, the dihedral angle between the
donor and T-spacer determines the dipole moment and is critical
in determining the extend of donor-acceptor interactions in D-11-A
organic dyes. The minimum energy structures of BID-1, BID-2,
and BID-3 are determined by density functional theory (DFT)
calculations at B3LYP/cc-pVDZ level and are given in Figure S6.
These structures show large variation in the twist angle (6)
between the aromatic moieties; BID-3 with furan as 1r-spacer has
the lowest 6 (7.0°) followed by BID-2 with thiophene (17.6°) and
BID-1 with phenyl (35.4°) moieties as Tm-spacers. The large
variation in 6 can significantly influence the tr-electron distribution
along the D-1-A framework. BID-3 with a larger dipole moment of
3.8D clearly provides improved charge separation in comparison
to BID-2 (2.2D) and BID-1 (1.9D). Further, a highly twisted
structure such as BID-1 is expected to show large difference in
molecular packing compared to a nearly planar BID-3.
Additionally, it also hampers efficient donor-acceptor interactions.
The absorption spectra of BID-1, BID-2, and BID-3 are calculated
with the TD-DFT approach using the CAM-B3LYP/cc-pVDZ
method in conjunction with the self-consistent reaction field
method to include solvation effect of dichloromethane. The
calculated Amax 345 and 397 for BID-1 and BID-2 respectively
agrees well with their corresponding experimental values of 350
and 406 nm. In the case of BID-3, the calculated Amax 399 is in
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reasonable agreement with the experimental value 420 nm. Good
agreement between the trends in extinction coefficient and trends
in the calculated oscillator strength is also observed (Table 2).
Schematic representation of electronic distributions observed in
frontier orbitals of benzothieno[3,2-blindole based dyes at
B3LYP/cc-pVDZ level along with MO energy and band gap values
in eV are depicted in Figure 5. The molecular orbital (MO)
composition corresponding to Amax indicates that the HOMO-1 to
LUMO contribution is dominating T—m* transition for BID-2 and
BID-3 whereas in BID-1 with phenyl as the m-spacer, the
contributions from HOMO, HOMO-1 and HOMO-2 to LUMO are
almost equal. In all cases, HOMO is distributed exclusively on the
donor site while the LUMO is distributed largely on the tr-spacer
and acceptor unit which helps in efficient charge injection from
dye excited state to semiconductor. The HOMO-1 of BID-1 is
more expressed at donor site than the 1-A region compared to
BID-2 and BID-3 dyes. The HOMO-2 of all the three molecules
show a more delocalized distribution over the D-1T-A region. The
frontier MO analysis suggests that the electronic transition
corresponding to the absorption peaks possess significant charge
transfer character as the ground state electron mostly localized in
the donor site is promoted to the 11-A region in the excited state.

Table 2. Absorption maxima, oscillator strength, percentage contributions of
orbital density, and dipole moments calculated at CAM-B3LYP/cc-pVDZ level.

Armax - n
Dyes (nm) f Composition (Debye)
BID-1 345 1.18 HOMO — LUMO (23.62%) 1.9
(3.59eV) HOMO-1 — LUMO (25.86%)
HOMO-2 — LUMO (29.44%)
BID-2 397 (3.12 0.99 HOMO — LUMO (23.62%) 2.2
ev) HOMO-1 — LUMO (51.13%)
HOMO-2 — LUMO (19.87%)
BID-3 399 (3.12 0.74 HOMO — LUMO (24.89%) 3.8
ev) HOMO-1 — LUMO (55.46%)
HOMO-2 — LUMO (15.23%)
Cutys O -
-— ) 87 "'.- ] —-— ) 78
¢ o,.,°v 4
2.60 ;. i
¢ "C::M:-, ‘.:-.. 2;57
g -+ < 5
- Sl y
olo 548 o o ==
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Figure 5. Schematic representation of electronic distributions observed in frontier orbitals of benzothieno[3,2-bJindole based dyes at B3LYP/cc-pVDZ level. MO

energy and band gap values in eV are also depicted.
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Photovoltaic Performance

The photovoltaic performance of DSSCs fabricated with the newly
synthesized benzothieno[3,2-b]indole donor unit attached dyes
(BID-1, BID-2 and BID-3) were evaluated under full sun AM 1.5G
(100 mW cm?) conditions. The current density-voltage (J-V) and
incident-photon-to-current conversion efficiency (IPCE) curves
are shown in Figure 6. The J-V parameters are summarized in
Table 3.

Table 3. Solar Cell Characteristics of DSSCs Based on BID-1, BID-2, BID-3
and IID-3.

Dye Voc (MV) Jsc (MAcm2) FF (%) Efficiency (%)
BID-1 590 +2 2.86+0.13 68.86 + 1.2 1.16 £0.10
BID-2 652 +5 6.51+0.16 73.27 £ 0.95 3.10+0.25
BID-3 671+8 8.38+0.25 73.15 + 0.56 411+0.14
1ID-3 540+ 6 4.60 +0.32 69.00 + 0.5 1.71+£0.12

The sensitizer BID-3 with furan as m-spacer outperformed both
BID-1 and BID-2 dyes having benzene and thiophene spacers
displaying a power conversion efficiency of 4.11 + 0.14% (Js =
8.38 £ 0.25 mA cm?, Vo = 671 = 8 mV, and FF = 73.15 + 0.56)
which is highest among the series, followed by BID-2 with power
conversion efficiency of 3.1 + 0.25% (Jsc = 6.51 = 0.16 mA cm?,
Voc = 652 + 5 mV, and FF = 73.27 + 0.95), and an efficiency of
1.16 + 0.10 (Jsc = 2.86 £ 0.13 mA cm?, Vo = 590 + 2 mV, and FF
=68.86 + 1.2) was realized for BID-1. The sensitizer with furan as
m-spacer (BID-3) showcased an improvement in both short-circuit
current density (Jsc) and open-circuit voltage (Voc) than with
benzene and thiophene spacers. The increase in Js is attributed
to the increase in light harvesting ability of BID-3 sensitizer which
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is clearly seen from the extended absorption profile in the IPCE
spectra. J-V results are in accordance with the IPCE data for all
the three BID dyes. The results are also compared with the
corresponding reported 11D-3 sensitizer having furan as 1-spacer
and indolo[3,2-bjindole as the donor unit.** 1ID-3 having N-hetero
aromatic indolo[3,2-blindole donor with furan as Tr-spacer
displayed a power conversion efficiency of 1.71 + 0.12% with the
best optimized procedure.'* There is an increment of ~140% in
PCE by changing the donor substituent from indolo[3,2-b]indole
to benzothieno[3,2-b]indole which is attributed to the
improvement associated with increase in both short-circuit current
density and open-circuit potential. This point towards the role in
nature of conjugated donor functionalities in determining the
performance of D-T-A sensitizers. With addition of co-adsorbent
(20 mM CDCA) the PV performance reduced in case of all BID
dyes (Figure S1 and Table S1) to 1.01%, 2.52% and 3.58% for
BID-1, BID-2 and BID-3. In the present case having long alkyl
chains attached to the donor functionality along with a slightly
twisted conformation of the donor with respect to the mr-spacer
efficiently prevents aggregation eliminating the need for co-
adsorbents for the benzothieno[3,2-blindole donor based
sensitizers.

Lower dihedral angle between the donor and 1-spacer in BID-3
(7°) compared with BID-1 (35.4°) and BID-2 (17.6°) along with a
larger dipole moment of 3.8D for BID-3 in comparison to 2.2D for
BID-2 and 1.9D for BID-1 helped BID-3 in achieving better
donor:1r-spacer interactions and enhanced charge separation
leading to improved photovoltaic performance. Devices fabricated
with BID-3 sensitizer showed a broad absorption peak from 350
nm to 550 nm as evident from IPCE spectra with a maximum
value of 88% at 460 nm, leading to a Js; of 8.38 + 0.25 mA cm.
BID-2 showed highest EQE of 75% at 400 nm and BID-1 showed
75% at 350nm respectively. The red shifted absorption spectra of
both BID-2 and BID-3 compared to BID-1 (Figure 2) contributed
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Figure 6. (a) Current-voltage (J-V) characteristics of DSSCs with sensitizers BID-1, BID-2, BID-3 and |ID-3 under AM 1.5G illumination. (b) Spectra of incident

photon-to-current conversion efficiency (IPCE) for DSSCs.

towards significant improvement in IPCE for both the dyes,
leading to improvement in Js.. Even though BID-2 exhibited higher
absorption coefficient in comparison to BID-3, it failed to achieve
higher absorption in action spectra as IPCE involves contribution
from other electron transfer process such as injection,
regeneration and collection which again depends on transport

and lifetime of electrons in these devices. The IPCE spectra of
BID-3 also showed considerable increment in absorption around
350-550 nm wavelength range compared to 1ID-3 (Figure S2)
which contributed to enhanced PCE for the dye having
benzothieno[3,2-blindole donor in comparison with indolo[3,2-
blindole donor.
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To get an in-depth understanding of the variation in photovoltaic
performance, both electrical and light perturbation measurements
were carried out involving Charge Extraction (CE), Intensity
Modulated Photovoltage ~ Spectroscopy  (IMVS), and
Electrochemical Impedance  Spectroscopy (EIS). CE
measurement provides the distribution of trap states and the
position of conduction band.® Figure 7(a) shows charge
extraction as a function of applied voltage for devices fabricated
with three newly synthesized BID sensitizers. There is a positive
shift in the conduction band (CB) for BID-3 compared to BID-1
and BID-2. The positive shift in TiO, CB resulted in efficient
electron injection, contributing to improved light harvesting
efficiency for BID-3. Additionally, a positive shift in CB will lead to
less recombination driving force, contributing towards lower
electron lifetime. The average time injected electrons stays in the
energy states of TiO, (lifetime, t,) was calculated using IMVS
technique using the equation, t, = 1/(2nfmax ), Where fmax is the
frequency corresponding to the highest value in Bode curve
obtained from IMVS plot. Lifetime as a function of light intensity is
shown in Figure 7(b). The lifetime plot shows almost similar
lifetime for BID-3 and BID-1 (furan and benzene Ttr-spacers)
sensitizers and both exhibits longer lifetime than BID-2. Improved
lifetime is an indication of less recombination at
TiO,/dyelelectrolyte interface. In our previous report, we observed
slower rate of recombination for benzene t-spacer followed by
thiophene and furan involving indolo[3,2-blindole as donor
whereas in the present case when we used benzothieno[3,2-
blindole as donor, furan substituted dye showcased almost same
lifetime as that of the benzene analogue. This is quite interesting
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which helped us to make use of the higher absorption profile
exhibited by furan 1-spacer and points to the fact that the trend
we normally observe with respect to variation in T-spacers to the
recombination lifetime will not hold good once we change the
donor functionality.** Even with a more negative shift in CB which
contributes to higher recombination driving force, the added
advantage of having a twisted conformation might have rendered
BID-1 the capability to prevent the approach of oxidized species
in electrolyte coming closer to TiO, thereby achieving a lifetime
similar to that of BID-3. BID-3 with benzothieno[3,2-blindole
donor displayed a lifetime which is almost an order of magnitude
higher than 1ID-3 with indolo[3,2-b]indole as the donor
functionality (Figure 7(b)). This is attributed to the longer alkyl
chains grafted on the benzothieno[3,2-blindole which is more
effective in preventing back electron transfer in comparison to
indolo[3,2-b]indole while used as electron donating functionality
in D-T1-A dyes. The less rate of recombination along with the
broad visible absorption helped BID-3 in achieving better open-
circuit potential in comparison to other dyes. For all three
sensitizers, LUMO levels are placed at potentials with more than
800 mV of driving force for electron injection (Figure 4). The
injection of electrons from LUMO of the sensitizer to the
conduction band of TiO, was qualitatively studied using Photo-
Induced Absorption Spectroscopy (PIA) measurement.'® Figure
S7 shows the PIA spectra of all the three sensitizers. The
absorption peak observed at 500 nm - 850 nm range is indicative
of efficient electron injection for all three dyes and the intensity of
absorption being more or less the same indicate similar injection
dynamics for all three sensitizers.
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Figure 7. (a) Extracted charge versus voltage from charge extraction measurement and (b) Lifetime as a function of light intensity measured using IMVS technique.

To probe the charge transfer processes under dark conditions
bypassing the contribution of charge recombination from the
injected electrons in TiO; to the overall lifetime, EIS was carried
out at -0.66 V under forward bias in dark. Figure 8(a) shows the
Nyquist plot of the devices measured using EIS technique at -0.66
V under forward bias. The frequency response of typical DSSC
consists of three different semicircles in the complex plane plot
due to the different time constants at various interfaces. The
semicircles at high frequency, middle frequency and low
frequency regions correspond to platinum/electrolyte interface,
TiO/dyelelectrolyte interface and the diffusion of ions in the
electrolyte respectively. Generally, while  employing

iodide/triiodide electrolyte, due to faster diffusion of ions in iodide
electrolyte, the third semicircle is rarely seen. Here in, we
observed two semicircles which corresponds to charge transfer at
platinum/electrolyte interface and TiO/dye/electrolyte interface.
Nyquist plot was fitted using equivalent circuit with transmission
line model.®'* The Transport Resistance (R;), Charge-Transfer
Resistance (Recombination Resistance, R.) and Chemical
Capacitance (C,) were derived by fitting the Nyquist plots with
equivalent circuit model and lifetime (t,) is calculated using the
equation t, = Cy X Ry All the fitted, derived and calculated
parameters are summarized in Table 4.
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Table 4. Transport Resistance (R:), Recombination Resistance (Rct), Chemical
Capacitance (C,) and Lifetime (=) calculated from EIS at -0.66 V for BID dyes.

Dye Transport Recombination Chemical Lifetime
Resistance Resistance Capacitance (), ms
(Ry), Q (Rar), Q (Cy), mF
BID-1 48.77 63.25 666 42.12
BID-2 58.54 49.08 644 31.61
BID-3 27.93 131.3 687 90.20
100
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Figure 8. (a) Nyquist plot and (b) Bode plot measured using EIS technique for
DSSCs at -0.66 V under forward bias for BID dyes.

BID-3 sensitizer showcased a larger semicircle in the middle
frequency region indicating a higher recombination resistance
(131.3 Q) followed by BID-1 and BID-2 with Ry 63.25 Q and
49.08 Q respectively. For BID dyes the radii of second semicircle
increases in the order BID-2 < BID-1 < BID-3, (Figure 8(a)
indicating that the electron recombination rate increased in the
order of BID-3 < BID-1 < BID-2 in dark. The Bode phase plot is
given in (Figure 8(b)). The recombination process of injected
electrons in TiO; is represented by the peak at higher frequency.
A shift of higher frequency peak to lower frequency suggest the
possibility of lower charge recombination rate which leads to a
longer electron lifetime. The reciprocal of this frequency peak is
regarded as electron lifetime, where t, = (1/21f,) where f, is the
frequency corresponding to the highest value in Bode plot. As
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seen in Table 4, BID-3 showed highest lifetime in BID series of
dyes derived from EIS measurement which is in accordance with
the lifetime data obtained from IMVS measurement. Apart from
the red shifted absorption, lower transport resistance, higher
recombination resistance and longer lifetime favored BID-3 in
achieving higher photovoltaic performance among BID dye series.

Conclusion

In summary, we successfully synthesized three new D-m-A
organic dyes based on benzothieno[3,2-b]indole as donor and by
varying the mr-spacer unit with benzene (BID-1), thiophene (BID-
2) and furan (BID-3). With judicious selection of Tr-spacer, the
optical properties are controlled in a way to realize improved
photovoltaic performance. Furan substituted dye, BID-3
showcased the best performance with a PCE of 4.11%. The
efficiency value increased in the order BID-1 (1.16%) < BID-2
(3.10%) < BID-3 (4.11%). Better planarity of the molecular
backbone helped BID-3 in achieving improved donor-acceptor
interactions and superior charge separation leading to larger
dipole moment thereby realizing improved light harvesting and
photovoltaic performance. Additionally, lower driving force for
recombination attained with a positive CB shift also helped BID-3
in achieving enhanced lifetime as evident from both IMVS and EIS
measurements.

The newly introduced benzothieno[3,2-blindole donor exhibits
improved photovoltaic performance compared to its predecessor
indolo[3,2-blindole. This is mainly attributed to better light
harvesting capacity, improved charge transport properties and the
inherent capability of BID unit to prevent back electron transfer
leading to increase in Js¢, Voc and n for BID dyes in comparison to
1ID dyes. Presence of longer alkyl chains and a higher degree of
planarity for BID unit also minimized the dye aggregation effects.
We prepared these fused benzothieno[3,2-bjindole donor
moieties by following our newly developed synthetic strategy
involving a multicomponent reaction-oxidation sequence.
Research is currently progressing in our laboratory in this
direction to further engineer these molecular backbones by
introducing new donor functionalities and to explore the
possibilities of using these rigid units as T-spacers.

Experimental Section

General Methods

All chemicals were of the best grade commercially available and were used
without further purification. All solvents were purified according to standard
procedure; dry solvents were obtained according to the literature methods
and stored over molecular sieves. Gravity column chromatography was
performed using neutral alumina and mixtures of hexane-ethyl acetate
were used for elution. Melting points were determined on a Buchi melting
point apparatus and are uncorrected. Proton nuclear magnetic resonance
spectra (*H NMR) were recorded on a Bruker AMX 500 spectrophotometer
(CDClz and Acetone-ds as solvents). Chemical shifts for *H NMR spectra
are reported as 0 in units of parts per million (ppm) downfield from SiMe4
(5 0.0) and relative to the signal of chloroform-d (& 7.25ppm) Acetone-d6
(2.05 ppm). Multiplicities were given as: s (singlet); d (doublet); t (triplet); g
(quartet); dd (double doublet); m (multiplet). Coupling constants are
reported as J value in Hz. Carbon nuclear magnetic resonance spectra
(*3C NMR) are reported as 3 in units of parts per million (ppm) downfield
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from SiMe4 (8 0.0) and relative to the signal of chloroform-d (8 77.03 ppm)
and Acetone-ds (29.84 and 206.26 ppm). Mass spectra were recorded
under ESI/HRMS at 60,000 resolution using Thermo Scientific Exactive
mass spectrometer. The UV-visible absorbance was studied using a
SCHIMADZU UV-1800 UV-Visible spectrophotometer, using commercially
available 1 cm quartz cuvette purchased from Sigma-Aldrich.

Synthesis of 8-Bromo-10-dodecyl-10H-benzo[4,5]thieno[3,2-b]indole
4

The enolizable ketone, cyclohexanone (760 mg, 7.75 mmol) and primary
amine, dodecylamine (1.43 g, 7.75 mmol) were weighed into a dry reaction
tube. Dry toluene along with 4A MS was added and allowed to stirr at 80
°C for 1 hour, after which 5-bromo-3-nitrobenzothiophene (1 g, 3.87 mmol)
was added into it and kept again for stirring at the same temperature for
11 hours. After the complete consumption of 5-bromo-3-
nitrobenzothiophene, chloranil (2.8 g, 11.6 mmol.) along with toluene was
added and kept at 100 °C for 24 hours. The solvent was evaporated in
vacuo and the residue on activated neutral alumina column
chromatography vyielded 8-bromo-10-dodecyl-10H-benzo[4,5]thieno[3,2-
bJindole 4 as a colorless solid, Yield: 1.27 g, 70% ; mp (65-67 °C); *H NMR
(500 MHz, CDCls): 6 8.09 (d, J = 1.5 Hz, 1H) 7.78-7.76 (m, 2H) 7.49 (d, J
=8 Hz, 1H) 7.44 (dd, J1 = 8.5 Hz, J2 = 2 Hz, 1H) 7.39-7.35 (m, 1H) 7.24-
7.21(m, 1H) 4.54 (t, J =7.5 Hz, 2H) 1.98-1.93(m, 2H) 1.47-1.41(m, 2H)
1.37-1.24(m, 16 H) 0.87(t, J = 7Hz, 3H) ppm; *3C NMR (125 MHz, CDCl5) :
0 141.7, 141.7, 136.2, 128.5, 126.5, 125.7, 123.4, 122.6, 121.3, 119.6,
118.1, 116.8, 110.0, 45.0, 31.9, 30.4, 29.6, 29.6, 29.6, 29.5, 29.4, 29.3,
27.0, 22.7, 14.1 ppm; HRMS (ESI) m/z: (M+H)* calcd for C2eH33BrNS
470.1512, found 470.1583.

Synthesis  of  4-(10-Dodecyl-10H-benzo[4,5]thieno[3,2-b]indol-7-
yl)benzaldehyde (5)

A mixture of 4 (200 mg, 0.43 mmol.), 4-formylphenylboronic acid (76 mg,
0.51 mmol), Pd(PPhs)s (49 mg, 0.42 mmol), K2COs (294 mg, 2.1 mmol)
were weighed into a Schlenk tube and degassed for 10 minutes. Degassed
THF and water in a 3:1 ratio was then added and the reaction mixture was
purged with argon and allowed to stir at 70 °C for 24 hours. The solvent
was evaporated under vacuum and the residue on activated neutral
alumina column chromatography (with mixtures of ethyl acetate in hexane
as eluent) yielded the product 5 as a yellow colored solid. Yield 162 mg,
77 %; mp (85-87 °C); 'H NMR (500 MHz, CDCls): & 10.10 (1H, S), 8.21-
8.20 (m, 1H), 8.03-8.01 (m, 3H), 7.86 (d, J = 8.5 Hz, 2H), 7.80 (d, J = 8 Hz,
1H), 7.64-7.62 (m, 1H), 7.51 (d, J = 8.5 Hz,1H) 7.40-7.36 (m, 1H), 7.26-
7.22 (m,1H),4.63 (t, J = 7.5 Hz, 2H) 2.05-1.99 (m, 2H), 1.51-1.45 (m, 2H),
1.40-1.34 (m, 2H), 1.27-1.21 (m, 14 H), 0.86 (t, J = 7 Hz, 3H) ppm 3C
NMR (125 MHz, CDCls) : 191.9, 147.5, 143.4, 137.1, 136.2, 135.2, 130.4,
127.9,127.6,125.0, 123.2, 123.1, 121.5, 119.6, 119.5, 118.6, 110.0, 45.2,
31.9, 30.5, 29.7, 29.6, 29.6, 29.5, 29.4, 29.3, 27.1, 22.7, 14.1 ppm; HRMS
(ESI) m/z: (M+Na)* calcd for CasHz7NNaOS 518.2488, found 518.2422.

Synthesis of 2-Cyano-3-(4-(10-dodecyl-10H-benzo[4,5]thieno[3,2-
blindol-7yl)phenyl) acrylic acid (BID-1)

A mixture of aldehyde 5 (150 mg, 0.3 mmol), cyanoacetic acid (77 mg, 0.9
mmol), ammonium acetate (116 mg, 1.5 mmol) in acetic acid was heated
at reflux overnight under argon atmosphere. After cooling to room
temperature, it was precipitated by pouring into water. The precipitate was
washed with water and dried in vacuum oven. The product BID-1 was
obtained as an orange color solid. Yield: 124 mg, 73 %; mp: 160-165 °C;
'H NMR (500 MHz, (CD3)2CO): & 8.37 (d, J = 1.5 Hz, 1H), 8.26 (s, 1H),
8.12 (d, J = 8.5 Hz, 2H) 8.02(d, J = 8.5 Hz,1H) 7.94-7.92 (m, 2H), 7.70-
7.68 (m, 2H), 7.58 (d, J = 8.5 Hz, 1H), 7.26-7.23 (m, 1H) 7.10-7.08 (m, 1H),
4.70 (t, 3 = 7 Hz, 2H) 1.90-1.87 (m, 2H) 1.37-1.32 (m, 2H) 1.26-1.22 (m,
2H) 1.14-1.04 (m, 14H) 0.71 (t, J = 7 Hz, 3H) ppm 3C NMR ( 125 MHz,
(CD3)2CO) : 162.9, 153.7, 145.5, 143.2, 141.8, 137.2, 136.0, 131.6, 130.8,
127.9,127.8,125.1,123.2,123.2,121.4,119.6, 119.1, 118.8, 115.8, 115.7,
110.6, 103.2, 44.6, 31.7, 30.3, 29.4, 29.3, 29.2, 29.2, 29.1, 26.6, 22.4, 13.4
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ppm; HRMS (ESI) m/z: (M-CO2)" calcd for CssHz7N2S 517.2683, found
517.2686.

Synthesis  of  5-(10-dodecyl-10H-benzo[4,5]thieno[3,2-blindol-8-
yl)thiophene-2-carbaldehyde (6)

A mixture of 4 (200 mg, 0.43 mmol), 5-Formyl-2-thiopheneboronic acid (80
mg, 0.51 mmol), Pd(PPhs)s (49 mg, 0.042 mmol), K2COs (294 mg, 2.1
mmol) were weighed into a Schlenk tube and degassed for 10 minutes.
Degassed THF and water in a 3:1 ratio was then added and the reaction
mixture was purged with argon and allowed to stir at 70 °C for 24 hours.
The solvent was evaporated under vacuum and the residue on activated
neutral alumina column chromatography (with mixtures of ethyl acetate in
hexane as eluent) yielded the product 6 as a yellow color solid. Yield: 43
mg, 20 % ; mp (80-83 °C); *H NMR (500 MHz, CDCls): 8 9.93 (1H, s), 8.25-
8.20 (m, 1H), 7.96-7.94 (m, 1H), 7.79-7.78 (m, 2H) 7.70-7.64 (m, 1H), 7.51-
7.48 (m, 2H), 7.38 (t, J = 7.5 Hz, 1H), 7.24-7.19 (m, 1H) 4.60-4.52 (m, 2H),
2.01-1.95 (m, 2H), 1.52-1.47 (m, 2H), 1.42-1.35 (m, 2H)1.27-1.21 (m, 14H)
0.86 (t, J =7 Hz, 3H) ppm; 3C NMR ( 125 MHz, CDCls) : 182.7, 154.7,
144.2,141.6, 137.6,136.8, 125.1,124.1, 124.0, 123.4, 122.0, 121.8, 121.4,
120.4,119.6, 119.6, 117.7, 116.6, 109.9, 45.2, 31.9, 30.5, 30.1, 29.5, 29.3,
27.2, 27.1, 22.7, 14.1 ppm; HRMS (ESI) m/zz. (M + H)* calcd for
C31H3sNOS2 502.2233, found 502.2233.

2-Cyano-3-(5-(10-dodecyl-10H-benzo[4,5]thieno[3,2-b]indol-8-
yhthiophen-2-yl)acrylic acid (BID-2)

A mixture of aldehyde 6 (151 mg, 0.30 mmol), cyanoacetic acid (77 mg,
0.90 mmol), ammonium acetate (116 mg, 1.5 mmol) in acetic acid was
heated at reflux overnight under argon atmosphere. After cooling to room
temperature, it was precipitated by pouring into water. The precipitate was
washed with water and dried in vacuum oven. The product BID-2 was
obtained as red color solid. Yield: 68 mg, 40%; mp: 203-205 °C; *H NMR
(500 MHz, (CDz3)2CO): 6 8.40 (d, J = 1.5 Hz, 1H) 8.37 (s, 1H),8.03 (d, J =
8.5 Hz, 1H), 7.93 (d, J = 4 Hz,1H), 7.74-7.72 (m, 2H) 7.70 (d, J = 8 Hz, 1H)
7.60 (d, J = 8 Hz, 1H) 7.27-7.24 (m, 1H) 7.10 (t, J = 7.5 Hz, 1H), 4.69 (t, J
= 7.5 Hz, 2H) 1.90-1.87 (m, 2H), 1.46-1.40 (m, 2H) 1.15-1.07 (m, 14 H)
0.72(t, J = 7.5 Hz, 3H)ppm; 13C NMR ( 125 MHz, (CD3).CO) :163.0, 154.3,
145.3,146.4, 143.9, 141.8, 140.2, 136.8, 135.0, 129.4, 127.5, 125.3, 125.0,
123.4,122.0, 121.2, 119.6, 119.1, 117.8, 116.1, 116.1, 110.6, 98.6, 44.8,
31.6, 30.1, 26.5, 22.4, 13.5 ppm; HRMS (ESI) m/z: (M-CO2) calcd for
Ca3H3sN2S2 523.2242, found 523.2232

Synthesis  of 5-(10-Dodecyl-10H-benzo[4,5]thieno[3,2-b]indol-8-
yl)furan-2-carbaldehyde (7)

A mixture of 4 (200 mg, 0.43 mmol), 5-Formyl-2-furanylboronic acid (71
mg, 0.51 mmol), Pd(PPhs)s (49 mg, 0.42 mmol), K2COs (294 mg, 2.1
mmol) were weighed into a Schlenk tube and degassed for 10 minutes.
Degassed THF and water in a 3:1 ratio was then added and the reaction
mixture was purged with argon and allowed to stir at 70 °C for 24 hours.
The solvent was evaporated under vacuum and the residue on activated
neutral alumina column chromatography (with mixtures of ethyl acetate in
hexane as eluent) yielded the product 7 as a yellow color solid. Yield: 182
mg, 88 % ; mp: 100-103 °C; *H NMR (500 MHz, CDCls): & 9.71 (1H, s),
8.43 (1H, S), 7.98 (d, J = 8 Hz,1H), 7.79 (t, J =7 Hz, 2H) 7.52 (d, J = 8.5
Hz, 1H) 7.40-7.37 (m, 2H) 7.26-7.22 (m, 1H) 6.93 (d, J = 4 Hz, 1H) 4.65 (t,
J = 7.5 Hz, 2H) 2.05-1.99 (m, 2H) 1.53-1.47 (m, 2H) 1.41-1.36 (m, 2H)
1.27-1.20 (m, 14H) 0.86 (t, J = 7 Hz, 3H) ppm **C NMR (125 MHz, CDCl3) :
177.1,159.7,152.0, 144.3, 141.6, 136.9, 127.3,125.4, 124.9,123.3, 121.3,
120.6, 119.6, 119.6, 116.4, 110.1, 107.6, 45.2, 31.9, 30.4, 29.6, 29.6, 29.6,
29.5,29.4,29.3, 27.1, 22.7, 14.1 ppm. HRMS (ESI) m/z: (M + H)* calcd for
C31H3sNO2S 486.2461, found 486.2479.

Synthesis of 2-Cyano-3-(5-(10-dodecyl-10H-benzo[4,5]thieno[3,2-
blindol-8-yl)furan-2-yl)acrylic acid (BID-3)

A mixture of aldehyde 7 (146 mg, 0.30 mmol), cyanoacetic acid (77 mg,
0.90 mmol), ammonium acetate (116 mg, 1.5 mmol) in acetic acid was
heated at reflux overnight under argon atmosphere. After cooling to room
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temperature, it was precipitated by pouring into water. The precipitate was
washed with water and dried in vacuum oven. The product BID-3 was
obtained as red color solid. Yield: 88 mg, 53 %; mp: 190-193 °C; *H NMR
(500 MHz, (CDz3)2CO): 8.69 (s, 1H), 8.03 (d, J = 8.5 Hz, 1H), 8.01 (s, 1H),
7.87 (dd, J1 =8.5Hz, J2 = 1.5 Hz, 1H), 7.70 (d, J = 7 Hz, 1H), 7.60 (d, J =
8.5 Hz, 1H), 7.46 (d, J = 4 Hz, 1H), 7.30 (d, J = 3.5 Hz, 1H), 7.27-7.24 (m,
1H), 7.11-7.08 (m, 1H), 4.72 (t, J = 7 Hz, 2H) 1.88-1.83 (m, 2H), 1.32-1.26
(m, 2H), 1.69-1.02 (m, 16 H), 0.71 (t, J = 7.5 Hz, 3H)ppm; 3C NMR ( 125
MHz, (CD3)2CO) : 163.3, 159.8, 148.0, 144.2, 142.0, 137.9, 137.2, 127.5,
126.3,125.5,125.2,123.4,121.3,120.9, 119.6, 119.1, 116.7, 116.4, 115.9,
110.9, 109.6, 97.2, 44.4, 31.7, 30.3, 26.3, 22.4, 13.4 ppm; HRMS (ESI)
m/z: (M + H)+ calcd for CssHszsN203sS 553.2519, found 553.2526.

Device Fabrication

Working electrodes (FTO, TEC15, GreatCell Solar) were cleaned using
ultrasonic bath in soap solution, deionized water and isopropyl alcohol
followed by heating to 500 °C. The pre-blocking layer was coated on the
UV-Ozone treated substrates by immersing in 40 mM TiCls solution at 70
0C for 30 min. 16 um titanium dioxide semiconductor layer (12 um
transparent layer and 4 um scattering layer) was coated on the substrates
and were heated to 500 °C through ramped heating. The TiO2 coated
electrodes were soaked in 0.2 mM of respective dye solutions with and
without 20 mM chenodeoxycholic acid (CDCA) for 15 hours in acetonitrile
at room temperature. Pre-drilled, platinum coated FTO was used as the
counter electrodes and the cells were assembled using a 25 um surlyn
spacer. The space between working and counter electrodes were filled
with electrolyte composed of 0.5 M BMIl, 0.1 M Lil, 0.03 M 12 and 0.5 M
tbp in acetonitrile. The devices with standard sensitizer 1ID-3 was
fabricated using the best optimized procedure.4

The J-V curve was measured under AM 1.5G irradiation (Class AAA
simulator form Newport, Sol3A-94023). The incident-photon-to-current
conversion efficiency (IPCE) was measured using 350W Xenon lamp with
Monochromator (Newport). The Charge Extraction (CE), Intensity
Modulated Photovoltage Spectroscopy (IMVS) and Electrochemical
Impedance Spectroscopy (EIS) were measured using electrochemical
workstation (Autolab PGSTAT302N). PIA measurements were carried out
on the completed devices with the three sensitizers without electrolyte to
track injection.
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An enhancement in efficiency was achieved with
benzothieno[3,2-blindole donor based dyes in comparison to
indolo[3,2-blindole with the same spacer and acceptor groups.
This could be attributed to the increased light harvesting ability of
the former along with the longer alkyl chains, reducing back
electron transfer reactions.
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The past three decades have witnessed extensive research in developing a range of non-metallic
organic dyes for dye sensitized solar cells (DSSCs). Dyes occupy a prominent position among
components in DSSCs, and organic dyes have emerged as the most promising candidate for DSSCs due
to their performance, ease of synthesis, stability, tunability, low cost and eco-friendly characteristics. In
addition to this, so far, the best and highest performing DSSCs reported in the literature use metal-free
organic dyes. Organic dyes also provide flexibility to be used along with alternate new generation cobalt
and copper electrolytes. Among various organic dyes, heterocycles, mainly N- and S-containing, have
found immense applications as sensitizers. Indole fused heterocycles were used by different research
groups in their dye designs, mainly as a donor and n-spacer. The planarity of these electron-rich fused
indole systems is advantageous as it helps to initiate a more prominent ICT transition in dye molecules.

Received 8th June 2021, In addition, the possibility for selective functionalization of N-atoms with long or branched alkyl chains

Accepted 19th August 2021 prevents the aggregation of the sensitizer, increasing the solubility and is effective in custom design
DOI: 10.1039/d1ma00499a dyes which are in turn capable of preventing back electron transfer (recombination). Fused indole

moieties utilized in the design of sensitizers are stable and offer easy synthesis. In the present review, we
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examine different indole fused heterocycles as building blocks for sensitizers used in DSSCs.

Introduction

Fossil fuel-based resources have been primarily satisfying the
energy demands of humankind for more than a century. The
ever-increasing energy demands that are fuelled by the growing
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human population have contributed to environmental issues
with the depletion of conventional resources, necessitating the
need for research into developing efficient methods to harness
alternative energy sources." Solar energy is considered one of
the most promising alternatives that could sustainably provide
inexhaustible energy.> The stepping stone for photovoltaic
technology was laid with the demonstration of the first
silicon-based solar cells by Bell laboratories, which exhibited
an efficiency of ~6%. Since then, the technology has witnessed
many advancements in introducing thin films in the late 1970’s
and finally reaching up to the third-generation solar cells.? The
third-generation photovoltaics consist of dye-sensitized solar
cells, organic solar cells, quantum dot solar cells and perovskite
solar cells.* Though their efficiencies are still lagging behind
the conventional silicon-based devices, the lower fabrication
cost of these devices along with lesser environmental impact
are promising factors that urge the scientific community to
carry out research and technological advancements in third-
generation photovoltaics.”

Dye sensitized solar cell research got momentum in 1991
with the pioneering work carried out by Brian O’Regan and
Michael Gratzel, where they used Ru metal complex sensitized
nanocrystalline TiO, film, generating a power conversion effi-
ciency of 7%.° DSSCs have many attractive features, including
lower fabrication cost and short payback time with minimum
environmental hazards.” In addition, they can be designed for
both outdoor as well as indoor light harvesting.? DSSC consists
of three major components, photoelectrode, electrolyte and a
counter electrode. The dye sensitized mesoporous semiconduc-
tor layer coated on a conductive glass/plastic substrate collec-
tively acts as the photoanode. The electrolyte is responsible for
both regeneration of the dye as well as charge transport to
the counter electrode. Liquid electrolytes which consist of redox
mediators in organic solvents are typically used in DSSCs.
To address the leakage and device lifetime issues originating
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Scheme 1 Operating principle of DSSCs.

from the usage of liquid electrolytes, efforts are being made to
explore quasi-solid electrolytes and solid conductors. The
counter electrode is composed of transparent conductive oxides
(ITO/FTO) coated with catalysts like platinum for fast electron
transfer reactions. The mechanism of current generation with
DSSCs starts with the absorption of light by the dye sensitizers
that are adsorbed on the semiconductor surface. These photo-
excited electrons are then injected into the conduction band of
the semiconductor, which diffuses through the conductive
substrate and finally reaches the counter electrode. The oxi-
dized dye molecules are subsequently regenerated by the redox
mediators present in the electrolyte, which are then reduced at
the counter electrode. This cycles continues generating current
without net chemical change in the system (Scheme 1).°

Unlike conventional PV devices, DSSCs excel with the advan-
tage that different components are carrying out light absorp-
tion, charge generation, and charge transport. This opens up
the broader possibility of achieving higher photovoltaic perfor-
mance by selectively optimizing each component used in the
device. The sensitizer represents the core unit in DSSCs,
responsible for light absorption and electron injection into
the semiconductor layer. An ideal sensitizer is supposed to
display panchromatic absorption with a higher molar extinc-
tion coefficient. The optimum redox potential of the dye energy
levels (HOMO-LUMO) is necessary to achieve efficient electron
injection into the semiconductor conduction band and to
realize effective regeneration of the dye ground state by the
redox electrolyte. The sensitizer should also possess features
such as suitable binding groups (-COOH, -POsH,) to anchor
onto the semiconductor surface and also needs to be engi-
neered in such a way to minimize aggregation on the semi-
conductor. The prevention of dye aggregation is highly
desirable to reduce recombination losses and increase the open
circuit potential of the devices, which can also contribute to the
stability of the device as a whole."®

Ruthenium-based sensitizers dominated the first two decades
in DSSC research since their inception in the early nineties due to
their broad absorption and higher power conversion efficiencies
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and reached up to a PCE of 11.5% using a conventional iodide/
triiodide electrolyte."” Though these sensitizers appear to be
feasible for practical applications, with progressing research, a
lower molar extinction coefficient of metal complexes along with
the scarcity of Ru have slowly paved the way for the advent of
metal-free sensitizers. Additionally, the introduction of alternate
cobalt and copper electrolyte further encouraged the scientific
community to expand the research on organic dyes, which are
most suitable with alternate electrolytes. The introduction of
metal-free sensitizers has also opened up an arsenal of strategies
to develop more efficient devices at a lower cost and in an eco-
friendly manner."” Metal-free sensitizers generally display high
molar extinction coefficients, but the narrow absorption of many
sensitizers results in serious concern over light harvesting. The
emergence of a co-sensitization strategy helped to alleviate this
limitation by realizing panchromatic absorption through the
sensitization of a combination of different dyes having comple-
mentary absorption.”® This also reduced the possibility for dye
aggregation. The strongest side of organic sensitizers involves the
flexibility in tuning the chemical structure with the help of the
well-established synthetic strategies."* According to the recent
reports, the PCE of DSSCs based on single metal free organic
sensitizers has reached 13.6% using a cobalt electrolyte, 11.7 for
solid state DSSCs and 32% for indoor light harvesting. The
co-sensitization strategy could realize 14.3% PCE using a cobalt
based electrolyte.™

Molecular engineering of dyes deals with designing systems
with potential light-harvesting ability over the entire visible
region with proper energetics that realizes electron transfer
from the excited state of the dye to the metal oxide upon light
absorption. The most widely employed molecular architecture
is the donor-n spacer-acceptor (D-n-A) strategy.'® Anchoring
groups are supposed to be bifunctional, serving the purposes of
adsorption as well as electron acceptance. Although many new
anchoring groups have emerged, a cyanoacrylate group is
generally found to outperform others because of its agreement
with the two functions mentioned above. The strong electron
withdrawing nature of the cyanoacrylate moiety facilitates the
broadening of the absorption spectra of molecules and the
strong adsorption capability to the semiconductor surface
increases the injection ability and device lifetime. A wide variety
of choices are present for both donor and n-spacer moieties. The
derivatives of arylamine, carbazole, coumarins and phenothiazine
are some of the popular donor groups of continued interest used
in DSSCs."” The n-linkers are also of paramount importance in
tuning the communication between donor and acceptor units,
thereby increasing the light-harvesting ability of the dyes. Though
thiophene, furan, benzene and oligothiophenes have been used
extensively as m-spacers in dyes, fused ring planar systems with
strategies to prevent n-n aggregation have not been explored to
the full extent.'® Apart from modulating each building block of a
sensitizer, considerable effort was also laid in engineering new
dye design strategies, which resulted in the introduction of
architectures like D-A-1-A, D-D-n-A, A-n-D-n-A and D-n-A-A."*°

The present review attempts to consolidate and analyse dye
sensitizers which utilize fused indole units as components in
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sensitizers used in DSSCs. These indole-fused heterocycles are
found to exhibit more electron-donating ability than those with
indole in conjugation with expanded n-systems.’’ Another
advantage of the fused indole systems is the better planarity
they possess, inducing better donor-acceptor interaction lead-
ing to improved PV performance. The possibility of functiona-
lization of the N-atom with long or branched alkyl chains is
another advantage of indole-based heterocyclic systems that
increase the solubility and prevent aggregation of the sensiti-
zer. The majority of fused indoles were used as a donor moiety
in the sensitizers, and very few units were used as m-spacers.
The indole fused systems explored as building blocks in DSSC
sensitizers include indoloquinoxaline (IQ), indolocarbazole,
indoloindole, benzothienoindole, indenoindole, triazatruxene,
thienoindole, tetraindole, dithienopyrroloindole, fluorenylin-
dolenine, and indole-imidazole. The exploration of these sys-
tems as donor and n-spacers are investigated fitting in different
molecular architectures. This will help the scientific commu-
nity further re-engineer these heterocycles with excellent opto-
electronic properties in line with the requirements of the
photovoltaic applications.

I. Indoloquinoxaline based sensitizers
for DSSCs

Indolo[2,3-b]quinoxaline (IQ), a built-in donor-acceptor chro-
mophore, consists of an electron-rich indole moiety fused with
an electron-deficient quinoxaline unit. The condensation of
isatin with o-phenylenediamine can efficiently synthesize these
planar heteroarenes.>® By appropriately functionalizing the
indole and quinoxaline motifs with electron-donating or
electron-withdrawing groups, the electronic properties of this
chromophore can be custom-tuned in line with the applica-
tions. It has been documented that the donating ability of the
indole motif and the donor-acceptor interaction with the
quinoxaline unit is enhanced by functionalizing the indole
core with electron-donating groups.”>

The first utilization of this scaffold as a building block in
DSSCs was carried out by Venkateswararao et al.>* They con-
structed dyes 2-6, which are having IQ as an electron donor and
cyanoacrylic acid as an anchoring unit (Fig. 1). The sensitizers
differed in the n-spacer employed, which were either phenyl or
thiophene fragments. Dye 1, which lacks any n-spacer, deliv-
ered the least efficiency of 0.86%. Among the remaining
sensitizers, 6 showed a red shifted and distinct ICT band
implying more effective conjugation. Two dye baths were used
to fabricate devices, one with DCM and the other with a
combination of CH3;CN/tert-butanol/DMSO (3.5/3.5/3, v/v). All the
sensitizers exhibited better efficiencies in the latter case. The
changes in PCE were mainly caused by significant changes in
the photocurrent generated. Though ICT was more prominent in
the case of 6, a relatively high degree of planarity might have
caused aggregation of the dyes leading to decreased light harvesting.
Dye 2 with simple thiophene as the m-spacer outperformed other
dyes with PCE of 3.45% with J,. of 9.29 mA cm 2 and V. of 579 mV.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Photosensitizers 1-6 based on an indolo[2,3-b]lquinoxaline core.

Other dyes showcased PCE in the order 6 > 5 > 3 > 4 (Table 1).
The introduction of acetylene was not found to be beneficial for
transmitting charges in the current design.

Later, Qian et al. developed three D-m-A dyes having
indolo[2,3-b]quinoxaline and cyanoacrylic acid as donor and
acceptor groups, respectively.>* Sensitizers 7, 8, and 9 differ in
the selection of conjugated spacers, which were oligothiophene,
thienylcarbazole, and furylcarbazole, respectively (Fig. 2). The dyes
exhibited efficiencies in the order 7 > 9 > 8 (Table 1). The
maximum efficiency of 7.62% was delivered by 7, mainly con-
tributed by the significantly larger short circuit current density
(Jse = 16 mA ecm™?) of this dye. The electron-rich, oligothiophene

Table 1 Photovoltaic parameters of indoloquinoxaline based DSSCs

Jse Voe PCE Coadsorbent
Sensitizer (mA cm™?) (mV) FF (%) Electrolyte (concentration) Ref.
1 2.66 500 0.64 0.86 I /I3~ — 23
2 9.29 579 0.64 3.45 1 /I3~ — 23
3 4.43 543 0.68 1.65 I /I3~ — 23
4 2.73 593 0.67 1.08 I /I3~ — 23
5 7.38 568 0.65 2.72 I /I3~ — 23
6 7.77 562 0.62 2.68 I /I3~ — 23
7 16.0 708 0.67 7.62 I /I3~ — 24
8 14.8 701 0.63 6.48 I /I3~ — 24
9 14.1 742 0.67 7.03 T /I3~ — 24
10 8.9 676 0.68 4.10 I /I3~ — 25
11 14.0 705 0.69 6.82 I /I3~ — 25
12 15.3 757 0.71 8.28 T /I3~ — 25
13 14.2 745 0.71 7.56 T /I3~ — 25
14 11.9 797 0.64 6.05 I /I3~ — 26
15 12.9 817 0.67 7.09 I /I3~ — 26
16 9.03 707 0.68 4.35 I /I3~ — 26
17 9.71 724 0.68 4.81 I /I3~ — 26
18 5.56 653 0.72 2.65 I /I3~ CDCA (10 mM) 27
19 5.68 622 0.73 2.72 T /I3~ CDCA (10 mM) 27
20 5.99 618 0.69 2.61 I /I3~ CDCA (10 mM) 27
21 19.0 649 0.61 7.46 I /I3~ CDCA (20 mM) 27
19/21 19.37 654 0.63 7.94 I /I3~ CDCA (20 mM) 27
22 4.73 637 0.73 2.21 T /I~ CDCA (10 mM) 28
23 5.08 676 0.74 2.56 T /I3~ CDCA (10 mM) 28
22/21 17.79 683 0.67 8.16 I /I3~ CDCA (20 mM) 28
23/21 18.24 688 0.69 8.67 I /I3~ CDCA (20 mM) 28
24 11.10 676 0.70 5.27 I /I3~ CDCA (10 mM) 29
25 11.29 657 0.69 5.10 I /I3~ CDCA (10 mM) 29
26 11.84 638 0.65 4.92 T /I3~ CDCA (10 mM) 29
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n-bridge makes the absorption spectra of 7 more red-shifted with
an absorption maximum at 480 nm for the ICT band followed by 8
and 9. The IPCE performance of the devices is following the
absorption behaviour of the dyes. While 7 shows broad absorption
from 400 to 770 nm, in the case of 8 and 9, the absorption
furnishes onset at 700 and 690 nm, respectively illustrating the
trend in the dyes’ Js. and light-harvesting ability. Though lower
current density was delivered by 9, the higher open circuit
potential (V. = 742 mV) helped 9 outperform 8.

Soon after, the authors used the same scaffold to realize
D-D-n-A and D-n-A systems.”>® In D-D-n-A design, indoloqui-
noxaline was used as the primary donor and phenothiazine was
used as an auxiliary donor, cyanoacrylic acid as an acceptor and
thiophene/furan as a n-bridge to afford 12 and 13, respectively
(Fig. 3). These dyes were then compared with 10 and 11, which
were D-n-A dyes based on indoloquinoxaline and pheno-
thiazine, respectively, as donors. Among the dyes, 12 having
D-D-n-A design was found to outperform the rest. Sensitizer 12
excelled with an efficiency of 8.28% followed by 13 with 7.56%.
Compared to furan, the electron richness of thiophene was
aiding good ICT transitions reducing the HOMO-LUMO gap for
12, which resulted in more red-shifted and enhanced absorp-
tion spectra for 12 compared to that of 13 with furan as a
n-spacer. The IPCE spectra of the dyes show a similar trend,
with 12 giving over 60% IPCE value from 359 to 600 nm with
maximum absorption of 86% at 490 nm. This illustrates
the reason for the highest light-harvesting ability and Js.
(15.3 mA ecm?) for 12. The V,, values obtained are in the order
12 > 13 > 11 > 10 (Table 1).

Later in 2017, the authors utilized indoloquinoxaline as an
acceptor in a (D),~A-n-A dye design in which two triphenyl-
amine groups were used as two branches of the primary donor
unit. The dyes 14-17 differed in the n-bridges (furan and
thiophene) and acceptor groups (cyanoacrylic acid and 2-(1,1-
dicyanomethylene)rhodanine or DCRD) (Fig. 4).>® These dyes
exhibited efficiencies in the range of 4.55% to 7.09%. Dyes 14
and 15, which had cyanoacrylic acid as the acceptor group,
outperformed the corresponding dyes having DCRD as the
acceptor unit. Though the absorption spectra of 16 and 17 were
much red-shifted compared to 14 and 15, higher dye loading of
the latter resulted in larger J,. values. This is also apparent from
the IPCE spectra. Though the spectra of 14 and 15 are blue-
shifted with 30 and 20 nm differences respectively with respect
to 17, the increase in J,. value contributed to a better PV
performance. Dye 15 could deliver over 60% IPCE value from
400 to 600 nm with a maximum of 83% at 450 nm, resulting in
a Js value of 12.9 mA cm 2 (Table 1). While comparing the
n-spacers, furan substituted sensitizers 15 and 17 were found to
deliver better efficiencies than their thiophene substituted
counterparts. While 15 delivered a PCE of 7.09% with the
highest Ji. and V,. values, 14 slightly lagged with a power
conversion efficiency of 6.05%. DCRD substituted dyes 16 and
17 showcased relatively poor performances with a PCE of 4.55%
and 4.81%, respectively.

Later, Su and co-workers introduced sensitizers 18-20 based
on new molecular architecture, D-D|A-r-A (Fig. 5).” Here, D|A
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Fig. 2 Photosensitizers 7—9 based on an indolo[2,3-blquinoxaline core.
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Fig. 3 Photosensitizers 10—13 based on indolo[2,3-b]quinoxaline and phenothiazine cores.

represents the fused donor-acceptor unit, indolo[2,3-b]qui-
noxaline. The effect of additional donors was investigated
systematically by introducing triphenylamine, carbazole and
phenothiazine donors to the indole unit. More significant dye
loading in devices based on 18 resulted in effective monolayer
formation on the TiO, surface, thereby preventing recombina-
tion effectively. This contributed to the highest open-circuit
potential for devices fabricated using 18. When it comes to
photocurrent, the hexyl chains incorporated on the end donors
of 19 and 20 helped decrease aggregations, contributing to
improved Js.. Maximum efficiency was delivered by 19 (2.72%),
followed by 18 (2.65%) and 20 (2.61%). Later, these new
generation D-D/A-n-A organic dyes were used successfully as
co-sensitizers to improve the PCE of conventional Ru dye (21).
The device fabricated with 21 alone showed an efficiency of
7.46%. Co-sensitization of 18-20 improved the efficiency in all
three cases with a maximum of 7.94%, when 19 was employed
as a co-sensitizer with 21 (Table 1). An increment in open-circuit
potential was observed with the co-sensitization approach, which
could be attributed to the improved surface coverage of TiO,,
resulting in retardation of aggregation and recombination. When
it comes to photocurrent, only the device with 19 as a co-sensitizer

6140 | Mater. Adv, 2021, 2, 6136-6168

showed an increment in current density from 19.00 mA cm 2 to
19.37 mA cm 2. More significant dye loading in the remaining
cases might have resulted in competitive absorption at the over-
lapping regions between the Ru dye and organic co-sensitizer.
Later, Su et al introduced a di-branched di-anchoring
approach to the previous molecular architecture to develop
D-D|A-(n-A), dyes 22 and 23, which differed in additional
donors between triphenylamine and carbazole, respectively
(Fig. 6).>® The performances were also compared with devices
based on 19. The dianchoring approach was found to help form
adequate surface coverage, which is also evident from the
higher dye loading present in these dyes. This could cause an
increment in V,. of dianchored dyes compared to 19 due to
minimal recombination. Among the dianchored dyes, 23 with
hexyl chain incorporated carbazole as the secondary donor
exhibited the highest V,.. Dye 19 excelled when photocurrent
is taken into account, which even contributed to higher PCE
compared to the rest. The downfall in light-harvesting effi-
ciency of 22-23 was brought about by the increased dihedral
angle and strain induced by the di-anchoring branches. A more
prominent donating ability of carbazole caused a slightly higher
increment in Ji. of 23 compared to 22. Co-sensitization of these

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photosensitizers 14—17 with an indolo[2,3-b]quinoxaline core.

dyes with 21 could enhance the efficiency with the highest PCE of
8.67% for 23, followed by 13 (8.16%) and 19 (7.50%). While the
considerably improved V,. contributed the increment in device
performance of co-sensitized 22-23, a slight increment in current
density for 19 caused a corresponding increment in PCE.

In the subsequent work, the n-spacer in 18-20 was changed
to thiophene from benzene, and the performance of the sensi-
tizers (24-26) was evaluated under full sun illumination
(Fig. 7).>° The dyes exhibited efficiencies in the range 4.92-
5.27%, which was higher than previously reported sensitizers
having phenyl as a spacer. Dye 24, having triphenylamine as a
donor, displayed the maximum PCE of 5.27% with a V,. of
0.67 V and FF of 70.1 with improved J. of 11.10 mA cm >
(Table 1). Higher dye loading seems to be responsible for
improving FF and open-circuit potential for the triphenylamine
donor dye 24. Though the highest photocurrent was observed
for 26 due to its increased light-harvesting ability, comparatively
lower values obtained for the rest of the parameters contributed
towards inferior PCE of 4.92% for 26. Co-sensitization of 21 with
these dyes also resulted in improved V,. and FF. In addition, the
competition for light absorption resulted in a considerable
reduction of photocurrent, leading to net poor performance for
the co-sensitized device compared to the individual dyes.

From Table 1, it is clear that indoloquinoxaline is a potential
scaffold for dye sensitizers in DSSCs. The highest efficiency

© 2021 The Author(s). Published by the Royal Society of Chemistry
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achieved so far using IQ based sensitizer is 8.2%, where the IQ
unit and n-spacer (thiophene) is attached to either end of the
auxiliary donor (phenothiazine) with cyanoacrylic acid as the
acceptor unit. In the same architecture itself, optimum tuning
of auxiliary donors and n-spacers along with the alkyl groups
could render sensitizers capable of delivering more than 10%
PCE. From the reported sensitizers using IQ, it is impossible to
generalize suitable n-spacers for the system that could change
depending on the donor attached to it and the IQ position
(indole/quinoxaline end) to which it is attached. Many studies
were not carried out in this direction of anchoring units,
opening up further possibilities towards efficient IQ-based
devices.

Il. Indolocarbazole based sensitizers
for DSSCs

Indolocarbazole, especially indolo[3,2-b]carbazole isomer, is a
linear pentacene with two N-atoms with the possibility of
introducing alkyl chains of any length requirement either to
improve solubility or to prevent back electron transfer. When
compared to carbazole, indolocarbazole possesses better ener-
getics, improved electron-donating capabilities and superior
absorption profiles. These characteristics find indolocarbazoles

Mater. Adv,, 2021, 2, 6136-6168 | 6141
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Fig. 6 Photosensitizers 22—23 with an indolo[2,3-b]lquinoxaline moiety.

a unique position among various applications involving organic
thin-film transistors, organic light-emitting diodes and photo-
voltaics.*® Indolocarbazoles can be prepared either by Fischer
indole synthesis of 1,4-bis(2-phenylhydrazono)cyclohexane or
by a Cadogen reaction of appropriate nitroarenes.*'
Indolocarbazole was first used as a donor in DSSCs by Zang
et al. (Fig. 8).>> They synthesized dyes 27 and 28, which differ in
the number of thiophene groups incorporated as the n-linker.
While a red shift in the absorption profile was observed for 28
when adsorbed on TiO,, higher electron injection efficiency was
obtained for 27 sensitized devices. The trade-off between the
two factors renders 28 with slightly higher J,. compared to that
of 27. The difference in efficiencies of the two dyes were also

6142 | Mater. Adv, 2021, 2, 6136-6168
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brought about by the fill factor. While 27 possesses a FF of 0.67,
the larger molecular size of 28 resulted in a FF of 0.62 (Table 2).
This resulted in a higher PCE of 7.3% for 27 and 6.7% for 28.

Cai et al. designed four dyes based on 5,7-dihexyl-6,12-
diphenyl-5,7-dihydroindolo[2,3-b]carbazole (DDC) with ben-
zothiadiazole (or thiophene) and thieno[3,2-b]thiophene (TT)
(or thiophene) as the m-spacer and 2-cyanoacrylic acid as an
acceptor (Fig. 9).* Along with the high electron-donating
ability, the fused carbazole systems also contribute towards
improved m-conjugation, which will be advantageous in pro-
moting the ICT and the photostability of the system. The two
phenyl rings integrated on the donor DDC unit, and the alkyl
groups on the nitrogen atom effectively reduced the aggregation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Photosensitizers 24—26 with an indolo[2,3-b]lquinoxaline moiety.
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27 PCE: 7.3%

Fig. 8 Photosensitizers 27—28 with an indolocarbazole moiety.

and improved the lifetime for devices fabricated with these dyes.
The devices were also subjected to comparison with carbazole
based D-n-A sensitizer 33. The molar extinction coefficients of
both ICT and n—r transition bands display significant enhance-
ment in 29-32 compared to 33 indicating the improved light-
harvesting ability of the new fused conjugated donor. Except for
31, the Js. value for all other dyes was higher than 33. This is
apparent from the IPCE spectra, where the performance follows
the order 32 > 29 > 30 > 33 > 31, which is consistent with the
dye loading present in the fabricated devices. Though the V.
value of 32 (674 mV) was not very high compared to 31 (768 mV),
32 exhibited the highest efficiency of 6.4% among these sensiti-
zers with a Ji. of 13.96 mA cm > and FF of 0.68 (Table 2). The
photostability evaluation of the dyes by adopting the methods of
Katoh and co-workers revealed that the new donor is effective in
stabilizing the cation formed after irradiation of light compared to
the carbazole based dye. The benzothiadiazole containing dyes
possess more stability which is consistent with the previous
reports.®* The results also paved the way to the observation that
TT was also beneficial for contributing towards photostability.
Compound 32, having both BTD and TT as a m-spacer, exhibited
maximum photostability, while 29 was least stable among the
indolocarbazole based dyes. All the dyes were also found to be
thermally stable.

The same group further attempted to introduce a bridge
with extended conjugation to widen the absorption spectra of
the indolocarbazole dyes (Fig. 10).>> Among the dyes, 36, which
contains benzothiadiazole as an auxiliary acceptor along with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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alkylated thiophenes flanked on both sides, showed maximum
red-shifted spectra followed by 35 having alkyl-substituted
benzothiadiazole as an auxiliary acceptor and 34 with simple
D-n-A architecture having ter-thiophene as a spacer with a
difference of 78 and 50 nm, respectively, compared to 36. The
device efficiency was tested under two conditions. In one case,
the TiO, films were made of 3 pm thickness with 13 nm sized
nanoparticles (TSP) and scattering layer of 4 pm thickness, and
in the second case, the TiO, films were made of 3 um thickness
with 13 nm sized nanoparticles (TSP) and scattering layer of
8 um thickness. Though higher dye loading is possible in the
second case, a thick scattering layer can cause chances of
recombination. This resulted in a trend of increase in current
density and decrease in V, for all the dyes fabricated with an 8
pm scattering layer when compared to those of 3 pm thickness.
A trade-off between these two factors leads to higher PCE with a
thicker scattering layer for all the dyes. In the first condition,
the highest IPCE value was obtained for 36 with an absorption
maximum of 81.2% at 460 nm followed by 35 (77.2% at 500 nm)
and 34 (69.9% at 520 nm). A more comprehensive absorption
profile for 36 contributed towards the highest Js. value of
14.91 mA cm2 The least Js. value of 10.40 mA cm > was
obtained for 34 due to the narrow IPCE spectra resulting from a
lower absorption profile (Table 2). When devices were fabri-
cated using an 8 pm scattering layer, dye 35 showed improved
IPCE profile and J,. value, while dye 36 resulted in lower molar
extinction coefficients, low dye loading amount, and low elec-
tron injection yield. The trend in V,. was the same in both the
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Table 2 Photovoltaic parameters of indolocarbazole based DSSCs

Jse Voe PCE Coadsorbent
Sensitizer (mA cm™?) (mV) FF (%) Electrolyte (concentration) Ref.
27 15.4 710 0.67 7.3 1/I3~ — 32
28 15.5 700 0.62 6.7 I /I3~ — 32
29 11.95 768 0.66 6.09 I'/I;~ — 33
30 11.57 707 0.68 5.55 1" /I3~ — 33
31 9.40 644 0.68 4.11 I /I3~ — 33
32 13.96 674 0.68 6.40 I /I;~ — 33
33 10.28 713 0.67 4.90 1" /I3~ — 33
34 10.40 747 0.70 5.43 I /I3~ — 35
340 12.92 710 0.66 6.01 I"/I;~ — 35
35“ 13.44 752 0.65 6.53 I /I3~ — 35
350 16.41 706 0.64 7.49 I'/I;~ — 35
36“ 14.91 651 0.67 6.48 1"/I;~ — 35
36° 15.88 620 0.68 6.64 I /I3~ — 35
37 12.6 729 0.68 6.25 I'/I;~ — 36
38 15.2 745 0.71 8.09 I /I3~ — 36
39 13.9 738 0.68 6.98 I /I3~ — 36
40 14.1 757 0.71 7.58 T"/I;~ — 36
11 5.69 750 0.72 3.11 I /I3~ CDCA (1 mM) 37
42 5.09 750 0.74 2.83 I /I3~ — 37
43 3.89 610 0.69 1.65 I' /I3~ — 37
44 10.16 710 0.71 5.12 I /I3~ — 38
45 12.85 720 0.69 6.34 I /I3~ — 38
44/45 13.38 740 0.71 7.03 I /I3~ — 38
46 12.45 690 0.70 6.02 I /I3~ — 39
47 10.73 731 0.74 5.78 T /I~ — 40
48 9.81 680 0.78 5.23 1" /I3~ — 40
49 10.95 754 0.72 5.97 I /I3~ — 40
50 7.05 690 0.53 2.56 I'/I;~ — 41
51 9.78 660 0.57 3.68 I"/I;~ — 41
52 4.04 620 0.64 1.59 I /I3~ — 41
53 7.57 640 0.53 2.5 I /I3~ — 41
54 12.16 560 0.69 4.68 1" /I;~ CDCA (10 mM) 42
55 11.43 610 0.69 4.66 I /I3~ CDCA (1 mM) 42

“ TiO, films were made with 4 um thick scattering layer.  TiO, films
were made with 8 pm thick scattering layer.
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Fig. 9 Photosensitizers with indolo[2,3-blcarbazole (29-32) and carbazole
(33) units.

conditions with the least value delivered by 36. While 35
excelled with the highest PCE of 7.49%, 34 delivered a lower
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photovoltaic performance of 6.01%. The stability studies rein-
forced the observation that BTD units are capable of increasing
the photo-stability of dyes.

Later in 2016, Qian et al. investigated the same donor groups
in a new photosensitizer design. They synthesized four dyes
utilizing modified donor units (Fig. 11) consisting of indolo-
[3,2-b]carbazole as the primary donor and groups such as
ethylbenzene, N,N-diethylaniline, ethyloxybenzene, and octyl-
oxybenzene grafted to indolo[3,2-b]carbazole as secondary
donor groups, thiophene as the n-conjugated linker, and
2-cyanoacylic acid unit as the electron acceptor/anchoring
group.®® The secondary donor groups assist in improving the
donating strength of the system, but it was also highly bene-
ficial for reducing the aggregation and recombination. Thus the
nonplanar secondary groups could enhance the photovoltage of
the device. The IPCE performance of the dyes parallels with the
electron-donating ability of the secondary donor. The most
robust donor, N,N-diethylaniline attached dye 38, displayed a
broad IPCE response and highest ;. of 15.2 mA cm ™2 followed
by 40, 39 and 37 (Table 2). The efficiency of the devices also
follows the same trend, with 30 having the highest PCE of
8.09%, and the most deficient performance was showcased by
37 with 6.25%.

Later, Xiao et al. also employed 6,12-diphenylindolo[3,2-
b]carbazole as auxiliary donors in D-D-n-A dyes.>” The sensi-
tizers 41, 42 and 43 differ in the donor groups: triphenylamine,
trimethoxyphenyl and trimethoxybromine, respectively (Fig. 12).
Unlike the previous work, the additional donor and m-spacers
were appended to the end of the phenylene groups attached to the
indolo[3,2-b]carbazole moiety. The ICT absorption bands of these
compounds did not show much difference compared to the m-mn*
transition, which can be attributed to the interrupted charge
transfer in the molecules resulting from the non-planar confor-
mation of the attached phenyl groups. The absorption behaviour
of the compounds was consistent with the electron-donating
ability of the secondary donor. The triphenylamine donor in 41,
which has a higher electron-donating ability, contributed to the
broader absorption and higher molar extinction coefficient for 41,
followed by 42 and 43. Though these dyes could deliver reasonably
good V,. (0.61-0.75 V) and FF (0.69-0.74) using I /I~ electrolyte, a
relatively low value of J. resulted in moderate PCE (1.65-3.11%).
Dye 41 yielded the highest efficiency of 3.11% followed by 42 and
43 (Table 2).

Further investigations by the same group to increase the
photoconversion efficiency of 41 resulted in the synthesis of
44 and 45 where a triphenylamine donor was attached to
indolo[3,2-b]carbazole via the ninth and eighth positions,
respectively (Fig. 13).>® Co-planarity and n-electron delocaliza-
tion were found to improve, which is apparent from the
absorption profile of the new dyes 44 and 45. Dye 45, where
the phenylene/thiophene rings were connected onto the para
positions of the N-atom, showed more red-shifted absorption
with an absorption maximum at 500 nm, whereas absorption of
44 was blue-shifted by 38 nm. While 44 showed improvement in
PCE when it was used in conjunction with CDCA (10 mM), 45
responded in a reverse manner. This can be accounted for by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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36 PCE: 6.48%,? 6.64%"

Fig. 10 Photosensitizers 34—36 with an indolo[2,3-b]carbazole moiety. ®TiO, films were made with a 4 um thick scattering layer. °TiO, films were made
with an 8 um thick scattering layer. In both cases, the active layer was made of 3 um thick 13 nm particles.

CoHs<,-CoH
2M5~-C2Ms

CoHs

37 PCE: 6.25% 38 PCE: 8.09%

Fig. 11 Photosensitizers 37—-40 with an indolo[2,3-b]carbazole moiety.

41 PCE: 3.11%

Fig. 12 Photosensitizers 41-43 with an indolo[2,3-b]carbazole moiety.

the molecular orientation of the dyes when adsorbed on TiO,.
Dye 44 adopted a perpendicular orientation to the substrate
plane. Somewhat hindered conformation of 45 resulted in more
inclination of the dye towards the TiO, surface. This resulted in
fewer aggregations and recombinations, making 45 capable of
delivering more photocurrent even with a lower dye loading of
3.64 x 107" mol cm™? compared to 4.54 x 10”7 mol cm > for 44
and without co-adsorbent CDCA. Photosensitizer 45 outper-
formed 44 with a J,. of 12.85 mA cm ™2, V,. of 0.72 V, FF of 0.69
and PCE of 6.34% (Table 2). The co-sensitization of 44/45
further improved the performance to 7.03%.

© 2021 The Author(s). Published by the Royal Society of Chemistry

42 PCE: 2.83%

OCgH17

OCyHs

39 PCE: 6.98% 40 PCE: 7.58%

43 PCE: 1.65%

Indolo[2,3-b]carbazoles were rarely explored for optoelectro-
nic applications due to a lack of efficient synthetic strategies. Su
et al. could establish new strategies for synthesising indolo[2,3-
b]carbazoles and their utilization to construct DSSC sensitizers
with a PCE of up to 6.02%.%° The curved molecular conforma-
tion of indolo[2,3-b]carbazole dye synthesized by Su et al. (46),
along with its rigid and planar nature, offer the possibility to be
explored as a di-anchor dye. The sensitizer 46 adopts A-t-D-1-A
architecture in which bithiophene is introduced as the n-bridge
between the electron-rich indolo[2,3-b]carbazole core and cyano-
acrylic acid acceptor unit (Fig. 14). FTIR analysis of the pristine 46
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44 PCE: 5.12%
Fig. 13 Photosensitizers 44—45 with an indolo[2,3-b]carbazole moiety.

HO,C COy NH4+

46 PCE: 6.02%, R= ethylhexyl)

Fig. 14 Molecular structure of photosensitizer 46.

and the compound loaded TiO, film reveals the involvement of
both the carboxylic group in anchoring the dye on the TiO, surface.
This is further confirmed by the Deacon Philips rule, where a
frequency difference of 224 cm" suggests a bidentate binding mode
for 46. An efficient electron transfer from the HOMO of 46/(TiO,),,
(indolo[2,3-b]carbazole) to the LUMO of 46/(TiO,),, (TiO, nano
cluster) was illustrated using computational analysis.
Indolo[2,3-a]carbazole was first introduced in DSSCs by
Zhang et al.*® Taking this new system as a donor and cyano-
acrylic acid as an acceptor, they studied the effect of conjugate
mode of n-spacers such as thienyl-thieno[2,3-b]thiophene and
terthiophene in photovoltaic performance (Fig. 15). To control
dye aggregation and prevent recombination, alkyl-substituted

n-bridge
S T\ s
\ R

47 PCE: 5.78%

NC
/ CO,H J

S S

s \
% \ / X

48 PCE: 5.28%

S S
I s LN
\ /
CeHiz CeHis

49 PCE: 5.98%

Fig. 15 Photosensitizers 47—49 with an indolo[2,3-alcarbazole moiety.
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45 PCE: 6.34%

terthiophene was employed as a m-spacer to construct 49.
Sensitizers 47 and 49 outperformed 48 in Js. and V,.. 48 gave
an efficiency of 5.28%. The spatial effect of hexyl groups on the
n-backbone of 49 resulted in the highest efficiency of 5.98% and
the highest photocurrent and photovoltage, followed by 47 with
5.78% PCE (Table 2).

Indolo[3,2,1-jk|carbazole is another positional isomer of
indolocarbazole where indole is fused with the carbazole
moiety in a slightly strained manner. The system was found
to be thermostable and showcase strong electron-donating
ability, which resulted in its application as a charge transport
material and conducting film material. Luo et al. utilized this
core for developing a sensitizer for DSSCs by integrating it as a
donor in a D-n-A architecture (Fig. 16).*' They developed four
devices based on the dyes 50-53, which exhibited PCE in the
range 1.59-3.68%. Among the dyes, 51 outperformed others
with a PCE of 3.68% (Table 2). With its lower stabilization
energy, thiophene enabled the system to have more delocaliza-
tion and efficient light-harvesting ability. This can be
accounted for by the enhanced photocurrent in dyes 51 and
53 using thiophene as the n-linker. Low spectral coverage leads
to decreased performance in 50 and 52. Even an attempt to
increase the m-bridge conjugation by introducing the phenyl
group in 52 was not found to be an effective strategy to increase
the PCE.

Further attempts were carried out to investigate the effect of
n-linkers on the performance of indolo[3,2,1-jk]carbazole based
dyes by Cao et al. (Fig. 17).*> Dyes 54 and 55 incorporate
bisthiophene and unsubstituted bisthiophene, respectively as
n-linkers. The slightly twisted conformation of 55 resulted in
lower dye loading on TiO, than 54, resulting in a slight
increment in the J,. value for 54, the reverse trend of what
was observed for V,.. The significant improvement in Jg. of the
54 based device, when adsorbed with CDCA, illustrates the
aggregation tendency of these sensitizers on TiO,. While the 54
based devices delivered PCE of 4.68% in the presence of 10 mM
CDCA, dye 55 could yield 4.66% with 1 mM CDCA (Table 2).

Among different isomers of indolocarbazole, indolo[3,2-b]-
carbazole is the most explored isomer for DSSC applications.
The comparison of efficiency versus structure reveals that to
improve the device’s performance, systematic investigation of
the position of attachment of the n-spacer and the additional

© 2021 The Author(s). Published by the Royal Society of Chemistry
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50 PCE: 2.56% 51 PCE: 3.68%

Fig. 16 Photosensitizers 50—53 with an indolo([3,2,1-jk]carbazole moiety.

CO,H
54 PCE: 4.68% 2

Fig. 17 Photosensitizers 54—55 with an indolo[3,2,1-jk]carbazole moiety.

donor on indolo[3,2-b]carbazole is also needed, along with the
integration of suitable donor and spacer groups. From the
reported data so far, the substitution of donor and spacer units
at the second and eighth positions of indolo[3,2-b]carbazole is
more effective than substitution at the ninth and third posi-
tions. When the donor group was changed to DDC, the addi-
tional phenyl groups integrated at the sixth and twelfth
positions were found to prevent recombination while preser-
ving the donating ability and the backbone’s planarity. However,
attempts to increase the light-harvesting by allowing modifications
at these phenyl groups could not lead to realize photovoltaic
performance as expected due to the non-planar conformation of
the phenyl groups as seen in the case of dyes 41 and 42.

I1l. Triazatruxene based sensitizers
for DSSCs

Triazatruxene (TAT) is an expanded n-conjugated system with
good electron-donating capacity, consisting of three indole
units combined using one benzene ring. Due to its favourable
features such as electron richness and rigid n-extended structure,
it has found application in various optoelectronic fields, like
organic field-effect transistors (OFETs), organic light-emitting
diodes (OLEDs), two-photon absorption (TPA) materials, non-
linear optics and liquid crystal displays.** The most widely used
method for the synthesis of TAT is by the reaction between indole
and indolone in the presence of bromine and POCI;.**

The first attempt to use TAT as a donor in DSSCs was
reported by Qian et al.*® They succeeded in developing three

© 2021 The Author(s). Published by the Royal Society of Chemistry

52 PCE: 1.59% 53 PCE: 2.55%

55 PCE: 4.66%

D-n-A dyes (56, 57, 58) with variable n-spacers achieving more
than 5% efficiency. These dyes were made using TAT as the
donor and cyanoacrylic acid as the acceptor/anchoring group
(Fig. 18). The system’s efficiency was studied by changing the
n-spacers (thiophene 56, furan 57 and benzene 58). Though
high open-circuit voltage was found in dye 58, with a reduced
current density, devices fabricated with 58 only realized a low
PCE of 5.11%. The highest efficiency of 6.1% was contributed
by the device fabricated using dye 56. The higher PCE resulted
from higher current density showcased by 56, which was also
evident from the IPCE response (Table 3). Better electron
delocalization and superior electron-donating capabilities render
the TAT system improved light-harvesting behaviour to be used as
an efficient sensitizer in DSSCs.

As an extension of the previous experiments, the effect of
rhodanine-3-acetic acid as an electron-withdrawing/acceptor

56 PCE: 6.10%

57 PCE: 5.50% 58 PCE: 5.11%
Fig. 18 Photosensitizers 56—58 with a triazatruxene moiety as a donor.
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Table 3 Photovoltaic parameters of triazatruxene based DSSCs

Sensitizer Jse (mA cm™?) Voe (MV) FF PCE (%) Electrolyte Coadsorbent (concentration) Ref.
56 14.7 670 0.62 6.10 /1~ — 45
57 13.6 654 0.62 5.50 /1~ — 45
58 11.6 686 0.64 5.11 /I3~ — 45
59 5.89 582 0.72 2.47 ) CDCA (10 mM) 46
60 8.33 617 0.70 3.60 I /13~ CDCA (10 mM) 46
61 14.97 793 0.63 7.5 /15~ CDCA (5 mM) 47
62 16.45 707 0.62 7.15 /1~ CDCA (5 mM) 47
63 13.46 775 0.62 6.50 /13~ CDCA (5 mM) 47
64 15.89 743 0.62 7.26 I /15~ CDCA (5 mM) 47
65 11.4 722 0.68 5.55 /1~ CDCA (0.4 mM) 48
66 13.2 741 0.68 6.65 /I3~ CDCA (0.4 mM) 48
67 11.0 849 0.53 5.2 /1~ CDCA (0.5 mM) 49
68 20.73 956 0.69 13.6 Co(bpy)s*"** CDCA (2 mM) 50
69 20.57 887 0.70 12.8 Co(bpy)s]*"** CDCA (2 mM) 50
68° 9.9 952 0.70 6.6 Co(bpy);*"** CDCA (2 mM) 51
69° 8.4 945 0.69 5.4 Co(bpy);*"** CDCA (2 mM) 51
70 11.94 808 0.74 7.20 Co(bpy)s]*"** CDCA (2 mM) 52
71 15.1 966 0.70 10.2 Co(bpy)s*"** — 53
72 13.4 934 0.69 8.6 Co(bpy);*"*" — 53
73 16.92 926 0.75 11.7 Co(bpy)s]*"** — 54
74 15.98 911 0.73 10.6 Co(bpy);*"*" — 54
% ssDSSC.

59 PCE: 2.47%

60 PCE: 3.60%
Fig. 19 Photosensitizers 59—-60 with a triazatruxene moiety as a donor.

group was studied by the same group (Fig. 19).*° Though much
broader absorption was obtained for dyes with rhodanine-3-
acetic acid, the performance of these dyes was inferior to the
dyes being synthesized using cyanoacrylic acid as the electron-
withdrawing group. This is attributed to the interruption of
electron transfer from the dyes to the semiconductor by the
broken (NCH,COOH) conjugation in rhodanine-3-acetic acid.
Instead of displaying broader absorption spectra with higher ¢,
devices fabricated using 59 showed lower current density. The
trend can be rationalized from the LUMO energy level of the
dyes, which are in the order of 60 (—1.16 V) >59 (—1.02 V),
indicating more effective electron injection from 60 to the semi-
conductor. Thus 60 could yield a higher PCE of 3.60% with a
short-circuit photocurrent density of 8.33 mA ¢cm 2, an open-
circuit photovoltage of 617 mV, and a fill factor of 0.70 (Table 3).

Triazatruxene was incorporated as a donor in D-A-n-A
based sensitizers by Pan and co-workers in 2018 (Fig. 20).*”
These sensitizers employed benzothiadiazole as an auxiliary
acceptor, and they introduced variation in the acceptors
(carboxylic acid and cyanoacrylic acid), and the connectivity
between the donor and auxiliary acceptor was modified using
single bond and ethynyl linkages. The introduction of the
ethynyl linker and cyanoacrylic acid was found to increase the

6148 | Mater. Adv,, 2021, 2, 6136-6168

conjugation of the dye molecules. Dyes 62 and 64 having
cyanoacrylic acid as the acceptor group showed better light-
harvesting capability with broader absorption and higher IPCE
value. These observations were also reflected in the J,. value of
the corresponding sensitizers. Another critical parameter that
determines the efficiency of the system is the V,.. Dyes 61 and
63 with a single carboxylic acid acceptor exhibited higher
photovoltage compared to the rest. Among the two sets of
D-A-m-A sensitizers having a triazatruxene donor (single
bonded and ethynyl bridged), dyes 61 and 64 showed maximum
efficiencies of 7.51% and 7.26%, respectively, which indicates
that a delicate balance between J,. and V,. is essential to obtain
higher power conversion efficiencies (Table 3).

Qian and co-workers used triazatruxene as a secondary
donor to construct porphyrin-based sensitizers (Fig. 21).*®
Triazatruxene was attached directly to the meso-position of
the porphyrin ring, and two variants were synthesized by
changing the acceptor groups (carboxylic acid and cyanoacrylic
acid). When cyanoacrylic acid was employed as an acceptor
group, improvement was found in the dye’s light-harvesting
ability, which is evident from the broader and enhanced IPCE
spectra resulting in a higher J,. value dye (Table 3). The V.
value also follows the same trend, which resulted in a maxi-
mum PCE of 6.05% for 66. The efficiencies of both dyes were
found to improve when co-adsorbent chenodeoxycholic acid
(CDCA) was used, which implies the possibility of intermole-
cular aggregation of the dyes on the TiO, surface.

Qin et al. also incorporated TAT into the meso-position of
the porphyrin chromophore to obtain 67 (Fig. 22).*° Dye 67,
which was used in ssDSSC, with spiro-MeOTAD being the
HTM, showcased an efficiency of 5.2% in the presence of
co-adsorbent CDCA.

The most efficient DSSC’s based on TAT molecules were
reported by Zhang and co-workers.”® They systematically

© 2021 The Author(s). Published by the Royal Society of Chemistry
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64 PCE: 7.26%

65 PCE: 5.55%

66 PCE: 6.65%

Fig. 21 Photosensitizers 65—-66 with a triazatruxene moiety as a secondary donor and porphyrin ring as a primary chromophore.

R=ethylhexyl
67 PCE: 5.1%

Fig. 22 Photosensitizer 67 with a triazatruxene moiety as a secondary
donor and porphyrin ring as the primary chromophore.

modified the D-n-A backbone and developed two dyes employ-
ing TAT as a donor, 4,7-bis(4-hexylthiophen-2-yl)benzo[c|[1,2,5]
thiadiazole (BTBT) as a n-bridge and 4-ethynyl benzoic acid

© 2021 The Author(s). Published by the Royal Society of Chemistry

(EBA) as an acceptor, which differs in the linkage between the
donor and n-bridge (Fig. 23). The study aimed to evaluate the
effect of the rigid single bond and flexible z-type double bond
on various parameters that determine the efficiency of the
device. The optimized devices based on 68 and 69 achieved
PCEs of 13.6% and 12.8%, respectively, using cobalt-based
redox electrolyte ([Co(bpy);]*"**). Though the double bond was
found to widen and enhance the absorption of the molecules, the
Jse value for 68 was found to be higher than 69, which resulted from
the more significant dye loading observed for the former. Devices
fabricated using 68 also showcased better open-circuit potential
(956 mV) than 69 (887 mV) (Table 3). The efficient electron injection
in 68, evident from the femtosecond transient absorption and
up-conversion fluorescence studies, reinforces the observation
mentioned earlier. Dye 68 and 69 were also applied to ssDSSCs
using spiro-OmeTAD as the hole transporting material (HTM).>
Longer electron lifetime and high regeneration efficiency caused
68 to outperform 69 with a PCE of 6.6%. Dye 69 exhibited a PCE
of 5.4% (Table 3).

Mater. Adv., 2021, 2, 6136-6168 | 6149
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Fig. 23 Photosensitizers 68—70 with triazatruxene moiety as a donor.

In order to probe the effect of the rigid 4-ethynylbenzoic acid
acceptor group in 68, dye 70 was synthesized by the same group
(Fig. 23) with Z-type cyanoacrylic acid and used to fabricate
devices using a cobalt-based redox electrolyte ([Co(bpy);]*"**).*?
Higher dye loading, better light-harvesting ability and
improved electron injection efficiency made 68 deliver the
highest efficiency of 13.4%, while there was a drastic drop in
PCE for 70, which could only afford a PCE of 7.2% (Table 3).
This again clearly illustrates that rigid structures are pertinent
when it comes to designing sensitizers that will be beneficial
for reducing energy loss during electron injection, leading to
improved current density and photovoltage. Fine-tuning of the
molecular backbone without compromising the energetics is
highly required to realize higher PCE.

Later, Li et al tried to improve the efficiency of 68 by
developing two modified dyes 71 and 72 using a TAT donor
(Fig. 24).°® While benzothiadiazole (BT) functions as the auxiliary

71, R =HPCE: 10.2%
72, R =F PCE: 8.6%

Fig. 24 Photosensitizers 71-72 with a triazatruxene moiety as a donor.

6150 | Mater. Adv, 2021, 2, 6136-6168

acceptor in 71, BT was replaced with difluorobenzo[c][1,2,5]-
thiadiazole (DFBT) in 72. The attempt to introduce fluorine on
BT was justified by lowering the LUMO level of the molecule by
the electron-withdrawing (inductive) effect of fluorine. The
electron-donating mesomeric effect was found to dominate
the former. This renders 72 with a large band gap and blue-
shifted absorption spectrum compared to that of 71. The higher
dye loading in 71 (1.4 times) and wider absorption band com-
pensated the reduction in molar extinction coefficient, resulting
in a higher J,. of 15.1 mA cm 2 This ended up in maximum
efficiency of 10.2% for 71 and a lower efficiency of 8.6% for 72
using cobalt-based redox electrolyte ([Co(bpy);]***"). (Table 3).
Yao et al. found that introducing bulky groups on TAT
successfully hindered dye aggregation and recombination
(Fig. 25).>* They synthesized two modified TAT sensitizers (73
and 74) having a more conjugated TAT donor unit. Their
attempt resulted in a larger V. for 73 (926 mV) and 74 (911 mV).
Higher dye loading in 73 compared to 74 allowed adequate cover-
age of the semiconductor surface, abating the chances of dark
current formation (recombination), leading to higher V,.. DFT
studies also revealed more planar conformation for 74 than 73,
which confirms the slightly red-shifted absorption profile of 74. It
was also observed that there was an upshift in HOMO level for 74,
which affected the regeneration rate of the dye adversely. Poor
regeneration and lower dye loading resulted in lower current
density and V,, for 74 compared to 73. Thus, PCEs of 11.7% and
10.6% were obtained for 73 and 74, respectively (Table 3).
Triazatruxene was incorporated as a donor in D-n-A dyes
and studies were carried out to evaluate the effect of different n-
spacers and anchoring groups. When it comes to the anchoring
group, cyanoacrylic acid has proved to outperform other

© 2021 The Author(s). Published by the Royal Society of Chemistry
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73 PCE: 11.7%

Fig. 25 Photosensitizers 73—74 with a triazatruxene moiety as a donor.

acceptor units (rhodanine-3-acetic acid, carboxylic acid) in
terms of light-harvesting and electron injection capability,
which is consistent with the many reports available. Though
devices based on thiophene bridged dye 56 could showcase
higher PCE than those of phenyl substituted dye 58, this trend
reverses when the anchoring group was changed to rhodanine-
3-acetic acid. Devices fabricated with phenyl bridged dye 60
delivered higher PCE with higher J;. and V,,. compared to those
of 59 with a thiophene spacer. This implies that selecting a
suitable m-spacer depends on the other components of the
molecular architecture. The introduction of an auxiliary acceptor
improved the photovoltaic parameters, and the highest effi-
ciency achieved so far using metal-free dyes is from devices
based on 68 (13.6%) where BTBT was used as the m-bridge
(Table 3). The takeaway from the consecutive studies performed
by Zang and co-workers is that molecular engineering has to be
carried out in such a way as to reduce energy loss during
electronic transitions, which could, in turn, lead to efficient PCE.

IV. Indenoll,2-blindole based
sensitizers for DSSCs

Indeno[1,2-blindole consists of an indole unit fused with an
indene moiety, making it planar and electron-rich with efficient
electron delocalization. In addition to the alkylation of the
N-atom in the tetracene, the indene unit also offers the flexi-
bility to be alkylated. This possibility has a positive effect on the
photovoltaic performance as the presence of multiple alkyl
groups increases the solubility of indeno[1,2-b]indole based
dyes and prevents their aggregation. At the same time, the
presence of alkyl groups is also effective in blocking the
approach of the oxidized species coming close to the semi-
conductor and thereby improving lifetime. The well-established
synthetic route towards preparing this tetracene is by the Fisher
indole synthesis involving indanone and phenyl hydrazine.>
The first report on the use of indeno[1,2-bJindole as a donor
in a DSSC came in 2016 by Qian et al.>® They designed four dyes
(Fig. 26) based on D-mn-A design, and the basic skeleton
employs indeno[1,2-blindole as a donor and cyanoacrylic acid

© 2021 The Author(s). Published by the Royal Society of Chemistry

74 PCE: 10.6% R,

7 \\_cooH /" \\_cooH
NC NG

75 PCE: 7.39% 76 PCE: 7.64%

77 PCE: 6.95%

78 PCE: 6.52%

Fig. 26 Photosensitizers 75—78 with an indenol1,2-blindole moiety as a donor.

as the acceptor. Tuning of device performance was carried out
by changing the = bridges (furan and thiophene) and introducing
alkyl groups (ethyl and hexyl) on the indene ring. The attached
alkyl groups were at a particular angle with the molecular plane,
which was beneficial for reducing aggregation of dyes and
thereby increasing the PCE. All four dyes exhibited good power
conversion efficiency in the range 6.52-7.64%. Among these dyes,
the sensitizer 76, featuring furan as the n-spacer and ethyl groups
as the alkyl chain, contributed the highest PCE of 7.64% with a
Jsc of 15.8 mA cm ™2 and a V,,. of 763 mV (Table 4).

Qian and co-workers later designed three more dyes with
indeno[1,2-blindole as the donor to investigate the role of
different acceptor groups on the photovoltaic performance of
the devices.”” The synthesized D-n-A dyes had indeno[1,2-b]-
indole as a donor and benzene as the m-bridge. The dyes
differed in the acceptor groups incorporated, which were cyano-
acrylic acid, rhodanine-3-acetic acid and 2-(1,1-dicyanomethylene)-
rhodanine (DCRD), respectively (79, 80 and 81) (Fig. 27). The
results revealed better PCE for devices fabricated using dye having
cyanoacrylic acid as the acceptor over the other two groups.
Though dye 79 showed blue-shifted absorption, it contributed
towards the highest efficiency of 6.29% with better J,. and V.
compared to other dyes. To assess the effect of different n-spacers
on the DCRD acceptor, dye 82 was synthesized with thiophene as
the n-bridge. The introduction of thiophene increased the

Mater. Adv,, 2021, 2, 6136-6168 | 6151
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Table 4 Photovoltaic parameters of indenoindole based DSSCs

Sensitizer Jse (MA cm™?) Voc (MV) FF PCE (%) Electrolyte Coadsorbent (concentration) Ref.
75 15.6 710 0.67 7.39 I/~ — 56
76 15.8 763 0.63 7.64 /1~ — 56
77 14.6 742 0.64 6.95 I/~ — 56
78 13.7 733 0.65 6.52 I/~ — 56
79 11.0 813 0.70 6.29 I/~ — 57
80 4.23 700 0.75 2.22 I/~ — 57
81 7.10 695 0.73 3.60 I/~ — 57
82 11.9 707 0.64 5.41 I/~ — 57
83 10.4 843 0.66 5.74 /1~ CDCA (3 mM) 58
84 13.3 796 0.65 6.86 /1~ CDCA (3 mM) 58
85 14.1 829 0.68 7.99 /13~ CDCA (3 mM) 58
84/85 14.7 819 0.70 8.37 I/~ — 58
86 18.25 707 0.68 8.74 /13~ — 59
87 20.08 703 0.64 8.98 I'/I — 59
88 12.01 837 0.69 6.92 /1~ — 59
86/88 18.24 787 0.67 9.56 I/ CDCA (4 mM) 59
89 11.59 840 0.66 6.43 [Co(phen),]**3* — 60
90 6.84 770 0.63 3.31 [Co(phen),]**3* — 60
91 12.43 829 0.65 6.69 [Co(phen), > — 60
92 13.52 855 0.64 7.40 [Co(phen),]**3* — 60

SN
82 PCE: 5.41% H o on

81 PCE: 3.60%

Fig. 27 Photosensitizers 79—-82 with an indeno(1,2-blindole moiety as a
donor and variable acceptor groups.

efficiency of 81 from 3.60% to 5.41%, illustrating the importance
of tuning the m-spacer of the sensitizer (Table 4) while changing
the acceptor functionality in a way to achieve higher PCE.

Yan et al. later designed and synthesized indeno[1,2-b]-
indole based D-n-A dyes with extended conjugation of the
n-spacer by introducing an ethynyl group and variation of the
n-spacer and auxiliary acceptor. To this end, they constructed
D-n-A dyes, which employ indeno[1,2-b]indole as the donor
and cyanoacrylic acid as the acceptor group (Fig. 28).”® The dyes
83 and 84 vary in the n-bridge between benzene and thiophene,
respectively. They also incorporated the ethynyl group as the

linker between the donor and m-spacer to decrease the repul-
sion and increase the conjugation of the dye molecules. A third
dye, 85 with benzothiadiazole as the auxiliary acceptor, was
developed to compare with the previous set realizing D-n-A
architecture. The dye with an auxiliary acceptor (85) was found
to deliver the highest efficiency with the highest js. and V..
Among the D-n-A dyes, thiophene substituted dye 84 showed
the highest efficiency with significantly improved current den-
sity, though V,,. was highest for the benzene substituted dye 83.
Co-sensitization of 84 and 85 outperformed all other dyes
delivering an efficiency of 8.37% (Table 4). This is attributed
to the increment in the J,. value of the device.

Dai and co-workers first synthesized indeno[1,2-b]indole-
spirofluorene (IISF) and used it as a donor unit in DSSC dyes.
This molecular engineering was carried out to combine the
electron-donating ability of the indenoindole with the steric
effect of the spirofluorene.’ They were successful in developing
two dyes, 86 and 87, with IISF as the donor, dithieno[3,2/-b:
2/,3'-d]pyrrole (DTP) as the n-bridge and cyanoacrylic acid as an
acceptor (Fig. 29). The dye 87 also employs 2,1,3-benzo-
thiadiazole (BTD) as an auxiliary acceptor. Both 86 and 87
delivered efficiencies above 8%, which was further enhanced
with the combined effect of co-adsorption with CDCA and
co-sensitization with 88. The highest efficiency of 9.56% was
obtained from the co-sensitization of 86 with 88 in the presence
of co-adsorbent, CDCA (Table 4).

83 PCE: 5.74

84 PCE: 6.86%

85 PCE: 7.99%

Fig. 28 Photosensitizers 83—85 with an indenol1,2-blindole moiety as a donor.
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PCE: 9.56%

Fig. 29 Photosensitizers 86—87 with an indenoll,2-blindole-spirofluorene moiety as a donor.

89 PCE: 6.43%

H 91 PCE: 6.69%

) CgH130 OCgH13
90 PCE: 3.31% \©\ /©/ 92 PCE: 7.40%
N

g

Fig. 30 Photosensitizers 89-92 with an indeno[1,2-blindole-spirofluorene moiety as a donor.

Later the same group synthesized two sets of dyes based on
IISF to study the effect of position of attachment of the n-spacer
to IISF (indole/indene end) and the effect of the additional
donors (Fig. 30).°° The D-n-A dyes 89 and 91 consist of IISF as
the donor, thiophene as the n-spacer and cyanoacrylic acid
as the acceptor. While thiophene is attached to the indene ring
in 89, dye 91 has the n-spacer attached to the indole end.
An additional donor group (hexyloxydiphenylamine) was attached
to 89 to obtain 90, and dye 92 is the latter’s regioisomer. Dyes with
additional donors exhibited bathochromic as well as intensified
spectra compared to D-n-A dyes. Among the two regioisomers,
the one with the m-spacer attached to the indole end of IISF is seen
to facilitate more ICT transition. The IPCE spectra of 90 and 92
showed wider but downshifted absorption behaviour than 89 and
91. A higher adsorption angle of 89 (41.83°) and 91 (42.33°) helped
them to achieve higher dye loading of 115.83 and 118.14 nmol cm ™2,
respectively. The bulkier donor group in 90 and 92 caused
decreased dye loading compared to their D-m-A counterpart,
but 92 managed to obtain 77% dye loading of 91 due to its larger
adsorption angle (49.5°). Though dye loading was lower for 92
(90.97 nmol cm™?) than 89 and 91, the broader absorption could
compensate for it having the highest J,. (13.52 mA cm™?). While
89 and 91 exhibited comparable J,. of 11.59 and 12.43 mA cm 2,

© 2021 The Author(s). Published by the Royal Society of Chemistry

respectively, 90 delivered the least J,. value of 6.84 mA cm™ 2. Apart
from the lower dye loading, the weak driving force for degenera-
tion also caused the downfall in current density for 90. This was
again illustrated by changing alternate electrolytes for device
fabrication which are having lower oxidation potential than
[Co(phen);]****([0.56 V for Co(bpy)s;]*"**, and 0.43 V for
[Co(dmbpy);]***"). The current density of 90 increased in the
order [Co(dmbpy);]*** > [Co(bpy);]*”® > [Co(phen);]***".
While the bulky hexyloxy diphenyl helped 92 alleviate recombi-
nation and achieve higher V.. the same group adversely
affected the V,. in 90 by breaking the compact layer formed
by dye 89. A trade-off between J,. and V,. in 89 and 91 lead to
comparable efficiencies for them. While 92 showcased the
highest PCE of 7.40%, dye 90 delivered the lowest PCE of
6.84%. Co-sensitization of 92 was carried out with 89/91.
In both cases, increment in current density was observed,
91/92 being the combination with the highest PCE (8.32%)
On comparing the sensitizers 77, 78 and 79 having the same
dye skeleton and differing only in their n-spacer, sensitizer 77
having thiophene as the n-spacer outperformed the rest of the
dyes with higher current density. Though sensitizer 79 has
higher V,, the least PCE was delivered due to lower current
density. A triple bond was introduced between the indenoindole

Mater. Adv,, 2021, 2, 6136-6168 | 6153
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93, n=2 PCE: 7.4%
94, n=3 PCE: 7.8%
) 95, n=4 PCE: 7.3%

Fig. 31 Photosensitizers 93-95 with a thienol3,2-blindole moiety as a
donor.

unit and n-spacer in 77 and 79 to furnish 84 and 83. Though the
motive was to increase the conjugation and PCE of the devices, it
was found to showcase low PCE compared to its predecessor.
Though the new structure could bring about an increment in V.,
current density followed the reverse trend.

V. Thienol[3,2-blindole (Tl) and
thienol[2,3-b]indole based sensitizers
for DSSCs

In thieno[3,2-blindole (TI), an electron-rich system like thio-
phene is fused to the five-membered ring of the indole moiety
at the 2-3 positions. It has been proved that thieno[3,2-b]indole
is a better donor than both indole and carbazole units. The
introduction of thieno[3,2-b]indole as a component in the dye
design would certainly improve photovoltaic performance due
to the co-planarity and strong electron-donating ability of these
heteroacenes. The thieno[3,2-b]indole moiety can be easily
synthesized using a Cadogen reaction of suitable functionalized
2-(2-nitrophenyl)thiophene.®!

The first report of a thieno[3,2-b]indole based DSSC was
reported by Zang et al. in 2010.°*> They synthesized three dyes

View Article Online

Review

(93, 94 and 95) employing 4-ethyl-4H-thieno[3,2-b]indole moiety
as an electron donor, n-hexyl substituted oligothiophene units
as a m-spacer and cyanoacrylic acid as an electron acceptor/
anchoring group (Fig. 31). A comparison was also made with
dyes having N-ethyl carbazole, which consists of the same dye
skeleton.®® The electron lifetime measurement values obtained
for the TI based devices are lower than their parent D-n-A
carbazole dyes, leading to lower V. for these devices, having
the least value of 660 mV for the 95 based device. According to
the DFT calculations, the dihedral angle between the thienyl
group and the donor part is found to be less for TI based
sensitizers in comparison to that of carbazole dyes. This
increase in planarity and better electron-donating capability
is reflected in the broader absorption spectra and higher ¢
values displayed by dyes employing thieno[3,2-b]indole as the
donor unit. This resulted in an increment in current density,
which was in line with the increment in the number of thio-
phene groups in the m-backbone. Among the TI dyes, 94
exhibited a higher PCE of 7.8%, and the minor performance
was delivered by 95 (7.3%) (Table 5). An increase in the number
of thiophene moieties resulted in higher HOMO levels for 95.
Though this tendency could produce low bandgap sensitizers
with better light-harvesting, a decrease in driving force for dye
regeneration and the chances of recombination of injected
electrons with the oxidized dyes may be responsible for decel-
erating the performance of 95.

The role of thieno[3,2-b]indole (TI) as a n-spacer was demon-
strated successfully by Kim and co-workers.®* In their initial
work, they designed and synthesized D-A-n-A sensitizers using
TI (97, 98) as a n-spacer and a comparative investigation was
made between dyes with thieno[3,2-b]benzothiophene (TAB) as
a n-spacer (96) (Fig. 32). The more electron-donating nature of
TI could induce effective charge transfer in 97 and 98 with
resultant wider absorption behaviour and e-values compared to
those of 96. These molecules also exhibited effective electron
injection efficiency, with 98 being the best performer with
improved light-harvesting ability. The IPCE performance of

Table 5 Photovoltaic parameters of thieno([3,2-blindole and thieno[2,3-blindole based DSSCs

Sensitizer Jse (MA cm™?) Voe (MV) FF PCE (%) Electrolyte Coadsorbent (concentration) Ref.
93 13.8 700 0.77 7.4 I/~ — 62
94 14.6 700 0.76 7.8 /15~ — 62
95 15.0 660 0.74 7.3 I/~ — 62
96 16.84 810 0.72 9.83 Co(bpy);]**"** CDCA (20 mM) 64
97 18.35 804 0.75 11.04 Co(bpy)s**** CDCA (20 mM) 64
98 19.39 825 0.74 11.84 Co(bpy); " CDCA (20 mM) 64
99 16.39 834 0.75 10.2 Co(bpy)s]*"** HC-A1 (0.6 mM) 65
100 17.15 839 0.74 10.5 Co(bpy); " HC-A1 (0.6 mM) 65
101 17.12 849 0.73 10.6 Co(bpy); " HC-A1 (0.6 mM) 65
102 17.49 898 0.72 11.4 Co(bpy)s %" HC-A1 (0.6 mM) 65
103 15.62 759 0.76 9.05 Co(bpy);*"** HC-A1 (6 mM) 66
104 16.42 846 0.77 10.69 Co(bpy);**"** HC-A1 (6 mM) 66
105 16.50 847 0.77 10.80 Co(bpy),]>**"** HC-A1 (6 mM) 66
106 1.06 490 0.73 0.37 Co(bpy); """ — 68
107 3.2 360 0.69 0.79 Co(bpy)s**"** — 68
108 19.0 590 0.56 6.3 Co(bpy)s]*"** — 69
109 19.9 390 0.44 3.4 Co(bpy);**"** — 69
110 4.7 470 0.61 1.3 Co(bpy);**"** — 69
111 6.6 370 0.56 1.4 Co(bpy);*"** — 69
6154 | Mater. Adv,, 2021, 2, 6136-6168 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 32 Photosensitizers with a thieno[3,2-blindole moiety (97, 98) and thieno[3,2-b] benzothiophene (96) as a n-spacer.

the dyes parallels these observations leading to the highest Jg.
for 98 (19.39 mA cm ?) followed by 97 (18.35 mA cm ™ 2) and 96
(16.84 mA cm™?). The hexyl chain was found to minimize the
dye aggregations effectively in 98 with lesser recombination,
which resulted in a higher V,. (825 mV) for the same (Table 5).
The trends described above in device parameters ended in
highest PCE for 98 (11.84%) followed by 97 (11.04%) and 96
(9.83%) using CDCA co-adsorbent and cobalt electrolyte
(ICo(bpy)s]* ™).

Later the same group synthesized 99-102. The objective was
to reduce the aggregation-induced recombination occurring
in devices fabricated with 98. The donor group in 98 was
substituted with fluorenyl derivatives with the other building
blocks remaining unchanged using D-A-n-A architecture with
BTD as an auxiliary acceptor and cyanoacrylic acid as an acceptor/
anchoring group (Fig. 33).°®> The synthesized dyes 99-102 employ
bis(9,9-dimethyl-9H-fluoren-2-ylJamino (FA),[20] bis(6,7-bis(hexyl-
0xy)-9,9-dimethyl-9H-fluoren-2-yl)Jamino (HFA), bis(6,7-bis(decyl-
oxy)-9,9-dimethyl-9H-fluoren-2-yl)amino (DFA), and bis(7-(2,4-
bis(hexyloxy)phenyl)-9,9-dimethyl-9H-fluoren-2-yl)Jamine (BBFA)
groups respectively as donors. To encounter solubility problems
associated with the fluorene derivatives, all the devices were
made with a change in dipping solvent resulting in lower PCE
(10.5%, Jee: 16.67 mA cm™2, V.: 840 mV, FF: 0.75) for 98 than
previously reported. All the devices were found to exhibit
improved performance when the electrolyte was changed from
iodide/triiodide to cobalt-based electrolyte ([Co(bpy);]****) and
in the presence of HC-A1 as the co-adsorbent. The alkoxy, as
well as phenyloxy substituted fluorene derivatives (100-102),
were found to be more effective both in red shifting the

© 2021 The Author(s). Published by the Royal Society of Chemistry

absorption spectrum as well as in preventing recombination,
taking advantage of the electron-donating as well as the bulki-
ness of the donor groups, when compared to FA substituted dye
99. This lead to higher current density and photocurrent for
100-102 resulting in higher PCE. Though 99 does not have
additional alkoxy substitutions integrated on it, the absorption
profile shows a redshift when compared to those of 98 having

N
N\ /N NC
s )—COOH
SetaVaV,
N

CeH1g
CgH130
Donor moieties o
CeH130 C1oH210 CgH130
CaH130 Consz O
N
N+ N+ N+ +
CsHmo} CmszO CaHo-O.
CgH130 CiH210 o O
CgH130
99 PCE: 10.2% 100 PCE: 10.5% 101 PCE: 10.6% 102 PCE: 11.4%

Fig. 33 Photosensitizers 99-102 with thieno(3,2-blindole moiety as the
m-spacer.
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Fig. 34 Molecular structures of photosensitizers 103-105 with different n-spacers.
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Fig. 35 Photosensitizers 106—111 with thieno[3,2-blindole moiety as the
donor.

BBPA (bis(2’,4’-bis(hexyloxy)}1,1"-biphenyl}-4-ylJamino) as the
donor. This absorption behaviour can be accredited to a lack of
electronic communication between the alkoxy groups and the
tertiary amine in BBPA based dye 98. A higher molar extinction
coefficient of 98 contributed towards higher current density com-
pared to 99. The bulkier BBPA also rendered 98 to have higher V,.
and hence higher PCE when compared to those of 99. The device
fabricated based on 102 showcased the highest efficiencies of
11.4%, and 99 delivered the least efficiency of 10.2% (Table 5).
The superior performance of TI over TAB as a m-conjugator
was again illustrated by Ji et al. (Fig. 34).°® To this end, two
porphyrin based D-m-A dyes (p-ethynyl-zinc porphyrinyl-
ethynyl-benzothiadiazole-acceptor) with extended conjugation
at the donor sites were constructed. The dyes 104 and 105 differ
in the auxiliary spacer between thieno[3,2-b]benzothiophene
(TBT) and 4-hexyl-4H-thieno[3,2-b]indole, and were also sub-
jected to a comparison with phenylethylene based dye 103 from
earlier work.®” The dihedral angle between the donor part and
n-spacer showed increment when the phenyl group in 103 was
replaced with TI and TAB units with more conjugation. The
trend observed in V,. was following the increase in dihedral
angle (105 > 104 > 103), which might have helped prevent the
recombination effectively. The more electron-donating TI and
TAB groups could also bring changes in the light-harvesting

6156 | Mater. Adv, 2021, 2, 6136-6168

ability of the dyes. In the Q-bands, significant changes were
observed, having a more expansive and intensified absorption
profile for 104-105, leading to current densities in the order
105 > 104 > 103. The more planar, electron-donating nature
of the TI group along with the incorporated hexyl functionality
contributed towards the best efficiency of 10.80% for 105 with
higher J;. (16.50 mA cm?) and V. (0.847 V) (Table 5) in the
presence of HC-A1 as the co-adsorbent, using [Co(bpy);]*"**
(bpy = 2,2'-bipyridine) redox electrolyte.

Thieno[2,3-b]indole was applied as a building block in
DSSCs for the first time by Irgashev et al. (Fig. 35).°®°° They
introduced a new synthetic route for constructing thieno[3,2-b]-
indole from 1-alkylisatin and 2-acetylthiophene. Among the
dyes, 108 with thiophene as the n-bridge and ethyl hexyl as
the alkyl group contributed towards the highest PCE of 6.3%.
The bithiophene and terthiophene groups were entertaining
aggregation of dyes which resulted in more recombination.
Except for ethyl hexyl, other smaller alkyl groups like butyl and
ethyl were not found to obstruct the dye aggregation, resulting
in the downfall in efficiency using these spacers.

Thienoindoles have proved to have the potential to function
both as donor as well as n-spacer units. Systematic engineering
of different m-spacers and auxiliary donors to this moiety could
bring impressive PCE in the future. In this line, dye designs
that incorporate a TI unit with other indole fused systems open
promising alternatives.

VI. Indolo[3,2-blindole based
sensitizers for DSSCs

Indolo[3,2-b]indoles”® (IID) which consists of a central pyrrolo-
pyrrole ring fused with two benzene rings on both sides, are

considered as good electron donors with impressive hole-
transporting properties. The planar nature of IID with a Cyp,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 36 Molecular structures of photosensitizers 112—-114 with indolo[3,2-blindole as a component.

symmetry facilitates better intermolecular interactions, which
are beneficial for improving the hole transporting properties
of these systems in the solid-state. In addition to these
advantages, the two alkylation sites also make IID a potential
candidate in various solution-processable optoelectronic appli-
cations such as organic thin film transistors, heterojunction
solar cells, and organic light-emitting diodes.”"

The first attempt to incorporate IID as a building block
in a DSSC was carried out by Ruangsupapichat et al. (Fig. 36).”>
They developed dyes that fall in three categories: double
acceptor system (112), donor-acceptor system (113), and
donor-n spacer-acceptor (114). While IID functions as a donor
in 112 and 113, it assumes the linker function in 114. The
additional acceptor group and donor moieties in 112 and 114
helped to redshift the absorption spectra of the compounds by
30 nm and 10 nm, respectively with respect to 113. The PCE of
the dyes was in the range 3-7%. The difference in PCE of the
dyes resulted from the difference in J,. values. The highest J;. of
14.56 mA em ™2 of 112 contributed towards achieving the high-
est efficiency of 7.39%. This resulted from the extra electron
extraction pathways provided by the additional electron anchor-
ing groups present in the molecule. The device fabricated with
dye 114, having an additional diphenylamine donor group,
showcased the minor performance with only 3.44% PCE.
According to the DFT studies, HOMO and LUMO energy levels
of dye 114 are primarily localized on diphenylamine donors
and cyanoacetic acid. Whereas in 112, a good overlap of the
HOMO and LUMO levels may favour effective electron injection
to the semiconductor’s conduction band. Less effective electron
injection in 114 maybe lowering the J,. (8.25 mA cm™?) and
thus the efficiency of the device (Table 6).

Table 6 Photovoltaic parameters of indolo[3,2-blindole based DSSCs

Jse Voc PCE Coadsorbent
Sensitizer (mA cm ™ ?) (mV) FF (%) Electrolyte (concentration) Ref.
112 14.56 740 0.68 7.39 I'/I;~ — 72
113 10.09 660 0.66 4.44 I /I3~ — 72
114 8.25 620 0.68 3.44 I'/I;~ — 72
115 11.59 638 0.70 5.20 I /I3~ — 73
116 17.04 718 0.64 7.86 I'/I;~ — 73
117 5.51 620 0.69 2.38 I"/I;~ CDCA (20 mM) 74
118 5.22 570 0.67 2.00 I /I3~ CDCA (20 mM) 74
119 4.60 540 0.69 1.71 I'/I;~ CDCA (20 mM) 74
120 14.55 671 0.69 6.73 1" /I3~ — 76
121 14.83 672 0.71 7.03 I /I3~ — 76
122 16.65 691 0.69 8.00 I'/I;~ — 76
123 16.74 705 0.70 8.32 I' /I3~ — 76

© 2021 The Author(s). Published by the Royal Society of Chemistry

The same group further attempted to improve the efficiency
of A-D-A dye 99 by introducing extra donor methoxyphenyl
(115) and hexyloxyphenyl (116) moieties at the N,N’-positions of
the IID core (Fig. 37).”> The dyes show involvement of both the
carboxyl groups on anchoring but differ significantly in their
performance. Dye 116 outperformed 112 and 115 in Js
(17.04 mA cm™?) and V,. (718 mvV) values leading to a
higher PCE of 7.86%. Dye 115 exhibited 5.20% PCE with J,. of
11.59 mA ecm 2 and V. of 638 mV. While the introduction of a
longer alkyl chain in 116 was found to minimise recombination
effectively, it also helped to improve the homogeneity of dye
adsorption on the semiconductor surface. Broader absorption and
higher dye loading amount improved the current density for 116.

Our group also tried to explore the potential of IID as a
donor unit towards the development of D-n-A dyes by introdu-
cing an additional n-spacer between the IID donor and cyano-
acrylic acid acceptor and also by varying m-linkers between
benzene, thiophene and furan (Fig. 38, 117, 118, 119).”* The
donor unit IID was synthesized utilizing the methodology we
developed in our laboratory, which involves a sequential multi-
component and oxidation approach.” The absorption spectra
of 119 showed more red-shifted and intensified spectra fol-
lowed by 118 and 117 in order. Nevertheless, the current
density and V,. produced by the compounds follow the reverse
trend. To investigate the degree of conjugation, molecular
geometry analysis of the dyes was also carried out. The acceptor
group was found to be almost coplanar with the IID in all the
dyes. But the dihedral angle between the donor and n-spacer
increases in the order 119 (1.66°) < 118 (21.99°) < 117 (34.48°).
Though the more planar geometry of 119 could help red shift
the absorption spectra of the dye, it may also be entertaining

OCHj3 OCgH13

115 PCE: 5.20% 116 PCE: 7.86%

Fig. 37 Molecular structures of 115-116 with

indolo[3,2-blindole as the donor.

photosensitizers
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Fig. 39 Molecular structures of photosensitizers 120-123 with indolo[3,2-blindole as the donor.

the aggregation between dye molecules, which could eventually
lead to more recombination. A slightly twisted conformation of
the benzene substituted dye could prevent the approach of
oxidized species from the electrolyte to come close to the
semiconductor and the formation of n-stacks, thereby decreas-
ing the chance of recombination. The addition of CDCA
enhanced the PCE in all the cases. To utilize the different
absorption profile showcased by 119 where recombination
destroyed the PCE, we custom designed BID dyes which will
be discussed in detail in the next section.

Wang et al. synthesized four D-D-n-A dyes based on IID as
the primary donor, thiophene as n-spacer and cyanoacrylic acid
as an acceptor.”® Dyes 120-123 contain hexyloxyphenyl, fluor-
ene, carbazole and hexyloxytriphenylamine, respectively, as the
auxiliary donor (Fig. 39). The current density and open-circuit
potential followed the same trend, following the electron-
donating ability and steric hindrance of the auxiliary donors.
The bulkier and more electron-donating triphenylamine made
123 outperform other dyes with PCE of 8.32% with the highest
Jse of 16.74 mA ecm ™2 and V,. of 705 mV. Other dyes exhibited
efficiency in the order 122 > 121 > 120 (Table 6).

VIl. Benzothienol3,2-blindole based
sensitizers for DSSCs

Benzothieno[3,2-b]indole (BID) is another unique tetracene
with a benzothiophene moiety fused to indole. This heteroacene
has found applications in medicinal chemistry but is seldom
used in materials science and optoelectronic applications.””””®
Like what we discussed for indolo[3,2-b]indole; this fused
indole moiety is also a planar conjugated system with the
potential to be used both as a donor and a m-spacer. In

6158 | Mater. Adv, 2021, 2, 6136-6168

addition, the appropriate functionalization of the N-atom offers
flexibility to engineer the BID core with features that render
better solubility and will also prevent aggregation of the system,
arresting recombination.

As a continuation to our previous studies with indolo[3,2-b]-
indole, the donor group was changed to dodecyl chain functio-
nalized benzothieno[3,2-blindole. Here also the newly developed
methodology was employed for the synthesis of the BID core. The
devices developed based on dyes 124 (phenyl spacer), 125 (thio-
phene spacer) and 126 (furan spacer) were found to showcase
their best efficiency in the absence of any co-adsorbent. The
addition of CDCA as a co-adsorbent decreased the photovoltaic
performances of the devices. This illustrates the role of longer
alkyl chains (dodecyl) in reducing aggregation of dyes and pre-
venting back electron transfer. Unlike our observation with
indolo[3,2-b]indole based dyes, furan substituted dye 126 out-
performed the other two sensitizers with 4.11% efficiency with the
highest J,. and V,. (Table 7 and Fig. 40).%

VIIl. Tetraindole based sensitizers for
DSSCs

The synthesis of tetraindole was first reported in 2006, which
involved a one-pot tetramerization of indolin-2-one mediated
by phosphoryl chloride.®" This polyacene has four indole units
fused to cyclooctatetraene, which acts as a promising donor
motif for solar cell applications. In addition, the unique struc-
tural characteristics of this saddle-shaped scaffold will also
prevent self-assembly of the dyes on the semiconductor surface.

Tetraindole found a place in DSSCs through the work of
Qian and co-workers.*> The D-n-A dyes 127 and 128 use
thiophene and bithiophene, respectively, as n-bridges (Fig. 41).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Photovoltaic parameters of DSSCs 124-140

Jse Voe PCE Coadsorbent
Sensitizer (mA cm™2) (mV) FF (%) Electrolyte (concentration) Ref.
124 2.86 590 0.69 1.16 I /I3~ — 79
125 6.51 652 0.73 3.10 I /I3~ — 79
126 8.38 671 0.73 4.11 I /I3~ — 79
127 12.1 750 0.64 5.79 I /I3~ — 81
128 13.0 762 0.65 6.46 1" /I3~ — 81
129 14.0 725 0.68 6.90 I /I~ — 82
130 13.5 680 0.67 6.15 I /I3~ — 82
131 10.5 650 0.65 4.43 I /I3~ — 82
132 14.2 753 0.71 7.59 I /I3~ — 82
133 13.0 640 0.72 599 I /I3~ — 82
134 12.6 652 0.70 5.75 I /I3~ CDCA (0.3 mM) 83
135 13.8 657 0.71 6.42 I /I3~ CDCA (0.3 mM) 83
136 8.98 643 0.70 4.05 I /I;~ CDCA (0.3 mM) 83
137 12.1 633 0.70 5.37 I /I3~ CDCA (0.3 mM) 83
138 2.19 700 0.59 1.09 I /I3~ — 84
139 12.56 780 0.62 6.04 I /I3~ — 84
140 3.92 680 0.53 1.42 I /I3~ — 84

The dyes exhibit improved open-circuit potential benefitting from
the saddle like structure with flanked octyl alkyl chains of the
new donor moiety. The sensitizer 128 exhibited a broader ICT
band and better light-harvesting ability, which is evident from
the broader and enhanced response of the IPCE spectra. 128
delivered a maximum efficiency of 6.21% with the highest J,.
(13.0 mA cm ™ 2) and V. (762 mV), whereas dye 127 could only
deliver a PCE of 5.79% with J,. of 12.1 mA em 2 and V. of
750 mV. The reduced aggregation behaviour of these dye was
further illustrated by the co-adsorption experiments using
CDCA. Both dyes exhibited lower efficiencies in the presence
of CDCA, the reduction mainly arose from lower Ji. values
(Table 7). Decreased dye loading in the presence of CDCA can
account for the decrease in photocurrent and hence the overall
efficiency.

View Article Online
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IX. Dithienopyrroloindole based
sensitizers for DSSCs

Optimization of the m-bridge is also as important as other
building blocks in a photosensitizer to realize improved PCE.
Rigidified aromatics occupy a prominent space among various
conjugated functionalities in this regard due to their better
charge transfer ability, high molar extinction coefficient and
reduced reorganization energies. The compound 4,5-dihexyl-
4,5-dihydrothieno[2",3":4’,5 |pyrrolo[2’,3":4,5]thieno[3,2-b]indole
(DPTI) as a n-spacer was first employed by Zang et al. to construct
photosensitizers 129, 131-133 (Fig. 42).*> To compare the effi-
ciency of a dithienopyrroloindole (DTP) unit as a spacer, dye 130
was synthesized. Dye 129 outperformed 130 with improved light-
harvesting ability and open-circuit potential, indicating the
importance of DPTI over DTP. Dyes 131 and 132 were designed
to investigate the effect of additional donor and alkylated spacer
units on the performance of DPTI based dye. The introduction of
an additional donor unit in 131 caused a negative shift in HOMO
compared to 129, whereas a positive shift in LUMO energy level
was observed in 132 without much change in HOMO energy level.
This low driving force for dye regeneration, enhanced recombination
of electrons from the semiconductor with the oxidized dye and
lowest dye loading may be responsible for the least efficiency
of 4.4% for 131. The broader spectra of 132 with its twisted
conformation induced by the 3-hexylthiophene could deliver a
maximum efficiency of 7.59%. In dye 133, the DPTI unit assumes
both the function of a donor and spacer, the indole ring acting as
the donor and DTP as the spacer. The conjugated donor-n-spacer
structure allows better delocalization of the HOMO and LUMO
orbitals over the entire molecule and facilitates good charge
transfer from donor to acceptor. Though it managed to perform
better than 131, the lack of additional donor decreased the charge

124 PCE: 1.16%

125 PCE: 3.10%

126 PCE: 4.11%

Fig. 40 Molecular structures of photosensitizers 124—126 with benzothieno[3,2-blindole as the donor.

127 PCE: 5.79%
Fig. 41 Photosensitizers 127—-128 with tetraindole as the donor.
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Fig. 42 Molecular structure of photosensitizers 129-133 with dithienopyrroloindole as a component.

separation and electron injection yield leading to lower photo-
current and an efficiency of 5.99%, lower than the rest of the dyes.

X. Fluorenylindolenine donor-based
dyes for DSSCs

Jayaraj and co-workers synthesized four novel unsymmetrical
squaraine dyes employing fluorenylindolenine as donor 134-137
(Fig. 43).%* Apart from increasing the conjugation and NIR light-
harvesting capability of the molecules, this skeleton also helps
to modulate the charge recombination by incorporating an out
of plane alkyl chain on sp® carbon and in-plane alkyl chain
on the nitrogen. While 134 and 135 are composed of an indole
unit toward the anchoring side with an N-methylated and
N-hexylated fluorenylindolenine, 136 and 137 contained
a benzo[e]indole unit toward the anchoring side with an
N-methylated and N-hexylated donor, respectively. Though the
latter set showcased more red-shifted spectra, they exhibited
slightly lower efficiency. The difference in PCE of the devices
might be due to the difference in dipole moment of the dyes.

134, R=CH;
135, R=CgH,3 (PCE: 6.42%)

(PCE: 5.75%)

The calculated dipole moments are in the order 135 (10.6) >
134 (10.0 D) > 136 (7.4 D) > 137 (7.3 D). The non-directionality
induced by the benz[e]indole group in 136-137 may be responsible
for lowering the dipole moment and electron injection efficiency.
The larger dipole moment exerted by dyes 134-135 on TiO, may
also be helping to upshift the conduction band of TiO,, which is
evident from the higher V,,. observed for these dyes. In both sets of
dyes, the hexyl substituted dyes were found to outperform the
methylated dye. All the dyes exhibited an increment in PCE when
dye and CDCA were used in 1:3 ratios, the effect majorly
contributed by the increase in current density. It is already known
that squaraines are prone to aggregation. Adding CDCA helps
to reduce this aggregation leading to improved PCE.

Xl. Indole—imidazole donor dyes for
DSSC

An indole-imidazole fused system was incorporated as an
auxiliary acceptor (AN) by Ramasami to construct three dyes
with different molecular architectures: 138 (D-AN(n-A)-D), 139

(PCE: 4.05%)
137, R=CgHy3 (PCE: 5.37%)

136, R=CHj

Fig. 43 Molecular structure of photosensitizers 134—-137 with fluorenylindolenine as the donor.
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Fig. 44 Molecular structure of photosensitizers 138—-140 imidazoloindole as the donor.

(D-AN-(DA,)-D) and 140 (D-AN-D(A)-AN-D) (Fig. 44).*> Dye
139 showed maximum efficiency with the highest current
density and photovoltage. Along with the increment in molar
extinction coefficient and red-shifted absorption, the dianchoring
approach also facilitated adequate surface coverage and helped to
reduce back electron transfer between the semiconductor surface
and electrolyte. The minimum reorganization energy calculated
for the same also implies efficient charge injection to the
semiconductor for these dyes. The photovoltaic parameters of
DSSCs 124-140 are given in Table 7.

Conclusions and future perspectives

Engineering sensitizers have got their prime importance when
efficiency enhancement of DSSCs is concerned. Electron rich
fused heterocycles have proved their efficacy as donors as well
as m-spacers in the sensitizer design. Indole fused aromatic
systems have also been utilized to this end, effectively realizing
efficient DSSCs. These systems were found to exhibit more
electron-donating ability than indole in conjugation with
expanded m-systems. Though the planarity could induce ICT
in molecules, a trade-off between light harvesting and dye
aggregations leads to a shortfall of the power conversion
efficiency in many instances. The strategic introduction of
bulky substituents on the donor side and the m-conjugator
helped abate these situations to some extent. Another notable
advantage is the ease of synthesising fused indole heterocyclic
motifs with functionalities required for further transformations.
In addition, the stability of these fused heterocycles has contri-
buted to enhancing the device lifetime.

The most efficient DSSC (PCE: 13.6%) with a fused indole
based sensitizer was reported with dye 68, which had a triaza-
truxene moiety as a donor unit. There are still a plethora of
easily accessible fused indole heterocyclic moieties with the
required structural features that can act as suitable donors and
n-spacers in sensitizer designs. One of the simplest fused
indole heteroacenes used as a sensitizer building block is

© 2021 The Author(s). Published by the Royal Society of Chemistry

thieno[3,2-b]indole, which gave DSSCs up to 11% efficiency.
Likewise, pyrrolo[3,2-blindole can be utilized, resulting in high
performing DSSCs. The class of indole fused tetraacenes such
as indoloindoles, benzothienoindoles and benzofuroindoles,
which are excellent donors, are seldom used building blocks in
sensitizer designs. These tetraacenes can exist as different
isomers based on the position of fusion, and these isomers
differ in their structure and properties and these have all
the structural and electronic characteristics to act as good
m-spacers. Moreover, these heteroacenes can be used in alternate
and new sensitizer designs such as D-A-n-A or (D),-A-7-A, result-
ing in highly efficient DSSCs. As part of our continued interest in
this area, we focus on developing new and simpler methodologies
to access indole fused heterocycles and extend our research
detailed in Section VI and VII by incorporating additional donors
and auxiliary acceptors to the D-n-A architecture being optimized.

The challenging task in realizing efficient DSSCs is to prevent
back electron transfer/recombination. Along with the proper
molecular design and keeping a delicate balance between electro-
nic and steric factors, importance must also be given to the
electrolyte used. Significant improvement in photovoltaic para-
meters and the devices’ performance is reported for 98 to 102
when the electrolyte was changed from I /I;~ to [Co(bpy)s]*"**.
Most of the sensitizers mentioned in the review use conventional
iodide/triiodide electrolyte. This indicates that more promising
results could be obtained in the future using appropriate alternate
cobalt and copper electrolytes with these fused heterocyclic dyes.
In addition, these fused heterocycles can serve as excellent co-
sensitizers along with other dyes tapping the visible absorption
for indoor photovoltaic applications. With continuing efforts to
develop stable, easily accessible and efficient sensitizers for
DSSCs, we hope significant advancements will be made with
fused indole heterocyclic moieties in the near future.
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