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I) Introduction
Harvesting solar energy is one of the potential strategies to address the energy requirement

for the future. Dye-sensitized solar cells (DSSCs), one of the third generation photovoltaic
technologies, utilizes organic or organometallic sensitizers as light harvesting component for
photon-to-current conversion.! Ruthenium(Il) polypyridyl complexes have been highly
studied since the beginning as sensitizer and PCE of 11.5% was achieved using | 7/13~ redox
couple.? Highest device efficiency of 13% for organometallic dyes were reported for Zn (11)-
porphyrin complex (SM-315) in the presence of Co(I1/111) redox couple.®

Although these metal complexes showed broad spectral coverage and high efficiency,
low molar extinction coefficient at higher wavelength, and difficulty in synthesis led toward
metal-free organic dyes. Organic dyes have flexibility in terms of structural design and tuning
of the molecular orbital energy levels, and their feasibility in synthesis makes them low cost
alternative to metallated dyes.* Among metal-free dyes, N-annulated indoperylene based dye
produced the efficiency of 12.5% with Co(ll/11) based electrolyte.® Even though D—n—A
dyes exhibited good photon to current conversion efficiency in the visible region, their photo
response in far-red and NIR region is limited. To utilize far red and NIR regions of solar
spectrum, there are limited dyes available, which includes porphyrin,® pthalocyanine’ and
polymethine® chromophores. Squaraine (SQ) dyes are subclass of polymethine dyes, which
owing to its low band gap and strong absorption (¢ > 10> Mt cm™ ) in the visible and NIR
region, have found application in various areas like photovoltaics, sensor and xerography.
1) Statement of Problem

Among the various interfaces formed by the DSSC components such as an anode,
dye, electrolyte and cathode; TiO>-dye/electrolyte interface plays an important role in

achieving high device efficiency. Apart from photophysical and electrochemical properties,
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SQ dyes undergoes molecular aggregation due to the alignment of intrinsic molecular dipole.®
Such aggregated structure may have either blue shifted (H-aggregate) or red-shifted
absorption (J-aggregate) with respect to that of the monomer. Aggregation of SQ dyes on
TiO, surface hampers the device efficiency due to the aggregation-induced self-quenching of
photoexcited state. To minimize aggregation, incorporation of bulky substituent to the dye
structure and the non-chromophoric adsorbate, such as chenodeoxycholic acid (CDCA), were
used. Though squaraine dyes are exploited in dye-sensitized solar cells, controlling self-
assembly of dyes on the TiO. surface that helps in achieving high device efficiency has

remained unexplored.
Results

1) Interplay Between z-Bridge and Position of Branched-Alkyl Groups of
Unsymmetrical D-A-D-z-A Squaraine in Dye-Sensitized Solar Cells: Mode of Dye
Anchoring and Charge Transfer Process at TiO2-Dye/Electrolyte Interface

To understand the effect of n-spacer and position of in-plane and out-of-plane alkyl groups in

a SQ based D-A-D-n-A dye, a series of unsymmetrical squaraine dyes PSQ1-5 (Figure 1)

were synthesised and tested the DSSC device performance. These dyes showed good

R R = out-of-plane

@/ branching

Ne

R < in-plane alkyl
sa E group

NC, o]
SQ@—/)_(OH
n- spacer Curvature due to nc
NG n-spacer
Anchoring s Q\/\(o oo
OH

group

Figure 1 D-A-D-z-A dye based on unsymmetrical squaraines, PSQ 1-5 dyes for DSSCs.

absorption in 680-690 nm regions with the extinction coefficient of 2.2x10°Mcm™.
Selective alkyl functionalisation of indoline donors of D-A-D part of the sensitizer becomes a
crucial part to control the nature of self-assembled monolayers on TiO,. Two positional
isomers with phenyl or thiophene m-spacer were utilized to fabricate the DSSC devices. The
photovoltaic device performance found to be increased, when the alkyl groups are placed for
away from the TiO.. Thiophene-based PSQ3 showed an efficiency of 7.21% and
comparatively high Jsc than phenyl counterpart PSQ1. Length of the out-of-plane branching

of PSQ3 is increased in case of PSQ5 to keep the dyes away from each other and which
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showed a significant improvement in Jsc and Vo in absence of optically transparent co-
adsorbent. PSQ5 exhibited PCE of 8.15% with a corresponding Jsc and Vo of 19.73 mAcm™
and 630 mV, respectively. In addition, EIS studies on the DSSC device made out of PSQ5
dye showed that the charge recombination process is effectively suppressed in compared to
other dyes in this series.

2) Self-assembly of Cis-configured Squaraine Dyes at TiO.-Dye Interface: Far-Red
Active Dyes for Dye-Sensitized Solar Cells

To understand the effect of cis-squaraine dyes with suitably functionalized alkyl groups
which helps to control the self-assembly of dyes on the TiO. surface, a series of cis-
configured unsymmetrical PSQ dye (PSQ11-15) dyes were designed and synthesised. These
dyes possess following features, (i) in-plane and out-of-plane alkyl groups, which helped to
control the self-assembly of the dyes on the TiO: surface (ii) electron withdrawing alkyl
groups such as dicyano and cyano-ester which modulates the HOMO and LUMO energy
level and further the extending the absorption in NIR as well as visible regions and (iii)
number of anchoring group which helps strengthening the interaction between dye and TiO;

surface (Figure 2) and orientation of dyes on the TiO> surface.

R R - out-of-plane
, branching
sQ 0 R< in-plane alkyl
group

Anchoring A / =
group

R= cu -CO,R,

Figure 2 D-A-D-Anchoring group dye based on cis-configured unsymmetrical squaraine
dyes, PSQ11-PSQ15 for DSSCs.

Photophysical studies were carried out in solution, TiO2 and Al,Osto gain insight into
the aggregation tendency of PSQ11-15 dyes on surface. PSQ13 dye exhibited DSSC
performance of 7.6% with J¢ and Vo of 17.18 mA cm? and 618 mV, respectively. EIS
studies showed that high charge transfer resistance for PSQ13 than PSQ11 and PSQ12.
PSQ11 and PSQ12 showed the device efficiency of 6% and 3.45%, respectively. The
insertion of an additional anchoring unit of PSQ13 dye shows significant influence on the
solar cells performance leading to higher DSSC device efficiency (n = 7.6%). Two positional
isomers of PSQ11 and PSQ12 dye were examined to elucidate the importance of position of
in-plane and out-of-plane branching with the cis-SQ units, and found that dyes with out of

plane alkyl groups far away from the TiO2 performed better.

AcSIR-NCL/Punitharasu Vellimalai vi



Synopsis

3) m-Extended cis-Configured Unsymmetrical Squaraine Dyes for Dye-sensitized Solar
Cells: Panchromatic Light Absorption

As investigated in the previous sections that extending the absorption towards NIR regions
can be effected by (i) introducing m-spacer with trans-SQ with appropriate acceptor units and
(ii) introducing electron deficient units in the squaric acid unit which also helps to maintain
the cis-configuration of the SQ dye unit. To understand the effect of n-spacer, cis-SQ units
integrated with in-plane and out-of-plane alkyl groups, unsymmetrical SQ dyes PSQ21 and
PSQ22 were designed to achieve a dye with panchromatic absorption property (Figure 3).

Anchoring (
group

trans

Figure 3 D-A-D-n-Anchoring group dye based on cis-configured unsymmetrical squaraine
dyes, PSQ 21-22 for DSSCs.

Here the n—spacer, cis-SQ unit, different anchoring groups help to extend the absorption
in NIR as well as visible region. Photophysical studies were carried out to gain insight into
the extending the absorption of aggregation tendency of PSQ dyes on the surface. In terms of
device PSQ22 exhibited good photovoltaic performance on PCE of 7% with a corresponding
Jsc and Voc 0f 17.22 mAcm™ and 579 mV, respectively. EIS studies showed that PSQ21 dyes

showed more Rct enhanced charge transfer resistance across TiO2-dye/electrolyte interface.

4) Effect of n-Spacer and Anchoring Groups in Squaraine Based Dyes in the Dye
Sensitized Solar Cells

To understand the effect of anchoring groups such as carboxylic acid vs cyano acetic acid
groups on unsymmetrical D-A-D-n-A squaraine dyes, we have designed and synthesized
PSQ31-33 (Figure 4). The DSSC devices were fabricated using PSQ31-33 respectively as
the sensitizers and the photovoltaic behavior was investigated. The overall power conversion
efficiencies lie in the order of PSQ31 > PSQ32 > PSQ33. The PSQ31-based DSSCs exhibit
the highest power conversion efficiency of 2.14% as well as EIS studies showed that PSQ31
showed high recombination resistance. In contrast, the efficiency of PSQ33-based DSSC was

only 0.92%. To further improve the cell performance, PSQ5 was used as the co-sensitizer
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for PSQ31, which showed a moderate efficiency of 2.10% with the Jsc and Voc 0f 5.1 mA cm’
2 and 566 mV, respectively. This detailed study provides the importance of cyano acetic acid
over carboxylic acid as a good anchoring group for this class of NIR active dyes.

R R = out-of-plane

3 branching

. i [ lkyl
R «—in-plane alky

sQ A group
(c) =
: o
s
n- spacer . " Curvature due to

n-spacer

Anchoring sl NP
group T ) ou

Figure 4 D-A-D-n-A based on unsymmetrical squaraine dyes, PSQ31-33 for DSSCs.
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Introduction of Dye-Sensitized Solar Cells
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1.1 General Introduction

1.1.1 Global Energy Demand

One of the most important and challenge that we face today is the steady increase in energy
consumption and global warming due to the unrestricted population growth and rampant
urbanization. In 2001, the global energy consumption for the entire year was estimated to be
13.5 TW. Whereas fossil fuel such as coal, oil and natural gas is the significant main source.’
Basically, the burning of fossil fuels creates more concerns about increase of carbon dioxide in
the atmosphere of earth, has revealed public discussion. However the world can reduce the
emissions because it causes geopolitical tension, irreversible environment damage and tragically
climate changes.? On the other hand, the worldwide energy consumption is expected to set more
than double which is estimated 30 TW by 2050 due to the large part involved towards the
industrialisation globally.® In contrast there is a real urge for the development and initiation of
additional sustainable power sources. Comparing the two main issues of increasing power
production and reducing the carbon emissions which is a major challenge for the coming near
future. For this purpose a number of research is being carried out on different ways for the
production of clean sustainable energy in the 21% century.!

1.1.2 Renewable Energies

The next prime energy sources which are established for long term usage should be renewable
due to their limited environmental impact and loss of resources. One of the promising
opportunity is solar energy because of solar energy is renewable and it does not produce carbon
dioxide, and can stay away from utilising hazardous chemicals.* The ultimate leading renewable
energy sources are wind, wave, hydroelectric, biomass and solar energy. There are significant
interest present in the merits, demerits and cost of energy from those renewable sources, and
which are briefly summarized in Table 1.1.°> However, renewable energy is recognized as an
ideal solution towards the increasing energy demand with the possibility of carbon neutrality.
The worldwide availability of an unlimited fuel source with no political consequences.®’ In
addition, there is a hope that solar energy can contribute in future energy production. There were
few reports proposed that photovoltaics (PV) could provide a significant energy proportion from
2025 onwards. The growth continues at a similar speed to recent years (an average annual
growth of 35 % since 1998).2
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Table 1.1 Summary of various attributes of renewable energy sources®

Energy Source | Advantages Disadvantages

Solar Unlimited energy Fluctuation of energy production due to
source; publically daylight hours and cloudy weather.
accepted technology.

Hydropower No fuel-extracting Can have considerable environmental costs;
infrastructure and no fuel not available in areas with low water reserves.
transport; Cheap and mature
technology.

Biomass Possibility of carbon Availability of land for fuel growth; changing
negativity; mature and climate may result in less land suitable for
efficient technologies agriculture.
available.

Wind No fuel required. Intermittent nature of wind; windiest places
tend to be less populated; wind unequally
distributed globally; public acceptance of
wind farms is varied.

Wave Tidal patterns Coastline not available to every country;

predictable. environmental impacts of large installations.

1.2 Overview of Photovoltaics
1.2.1 History of Solar Cells

The generation of electrical current upon light exposure was first ascertained in 1839 by

Alexandre-Edmond Becquerel.® Becquerel created the primary photovoltaic cell, using plates

coated in silver salts. Charles Fritts created the primary solar cell. This electrical cell was

achieved an efficiency of more than 1%.'° It was made using selenium based metal conductor

and the top side layer coated with gold. The first generation semiconducting material primarily

based silicon solar cell devices were developed in 1953 by the Bell Telephone Lab, USA. They

have achieved the efficiency of 4.5% at that time, and further augmented to PCE of 6% in

1954.1* The research of silicon-based photovoltaic cells have been followed by several research

community due to the larger abundance of silicon on earth. These crystalline inorganic
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photovoltaic cells are called the first generation solar cells. Silicon based solar cells are
extremely expensive owing to the utilisation of pure silicon. Another fascinating part is that the
efficiency of those forms of solar cell is near to their theoretical most efficiency (33%).%2 But, the
best research power conversion efficiency is reported up to 20%. However, the PCE was limited
to 15 to 18% for the industrial standard. The drawback of these photovoltaic cells are due to the
urge of high pure silicon and high-temperature processability. More specifically, the purification
of silicon is a difficult task and this makes the manufacture of such devices expensive.?

In order to reduce the cost of solar cells, the second generation solar cell was introduced
the thin film technologies which incorporating less expensive materials such as CdTe, copper
indium gallium diselenide, CdSe and amorphous silicon. The second generation solar cells are
very less efficient in comparison to the crystalline silicon solar cells. This trade-off is one of the
key driving forces for research into these technologies and make use of low cost materials within
the manufacturing process.’* CIGS and CdTe devices are attractive because of the high
efficiencies (9—15%). There is a concern whether these technologies will support or not for large
scale production because of the shortage of indium, selenium and tellurium. However these
demand will massive increase in cost of these materials.’® The toxicity of cadmium can also
become a difficulty within the commercialisation of device cells with European legislation baned
the sale of few CdTe modules. In addition there is an existing problem with the disposal of NiCd
batteries once their period of time is over.'*

Third-generation solar cells (SCs) are solution processable solar cells with outstanding
potential for large-scale solar electricity generation. The third-generation solar cells show less
expensive and compatible to several impotant applications than conventional silicon solar cells.
These types of solar cells are mainly focused and fabricated through multiple layers of active
materials to generate a lot of excitons and to get the high power conversion efficiency. It is one
of the alternative resources for replacement of 1% and 2" generation solar cells. The third
generation solar cells cover all new techniques, including Quantum dots (QD) solar cellst®2°,
polymer solar cell?*~24, perovskite cells*®28, organic tandem cells*?2°-3! and dye sensitized solar
cells.®>3° The use of cheap materials with high performance make third-generation dye-

sensitized solar cells a bright candidate as a future photovoltaic technology. This thesis however
is focused on the synthesis of dyes suitable for use in DSSCs.

1.3 Dye Sensitized Solar Cells
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DSSC is an exciting class of photovoltaic technology in the emerging third generation solar cells.
It has the potential to become a third generation technology utilizing the nanoscale properties of
the device. This technology is receiving attention from scientists with different backgrounds due
to the possibility of low-cost production and fabrication on flexible substrate. The DSSC is the
only photovoltaic device that mimicking the natural process of photosynthesis which separates
the process of light-harvesting and charge carrier transport. This separation means that there is
no longer requirement for the high purity materials with controlled defect levels. Hence the cost
of device cells can be foreseen to be substantially lower than those described above.

1.3.1 Advantages and Disadvantages of DSSCs

DSSCs have gained important recognition owing to their low cost, ease of production, and
tunable optical properties.*4!

The advantages % of DSSC include:

e Light weighted device materials

e Modulated dye design for better light harvesting property
e Low manufacturing cost

e Possessing better suited to covering all type of applications

e Showing better performance in diffuse light even at higher temperatures

e Flexible in nature

e Shorter energy payback time

Generally, there are two types of tasks in DSSCs*? in which the organic dye absorbs the light
and then converts into a charge separated state. It was transported through both electrolyte and
semiconductor. Therefore, the main focus can be completely on the organic material’s capability
to capture sunlight.* There were number of significant benefits for separating light absorption
and charge transport.*® These include:

e Doping treatments can be avoided

e Depending on the properties of sensitizers

e No need costly purification method

e Auvailability of charge transport materials

There is one main drawback proposing in DSSCs, which is more related to traditional

inorganic solar cells, is large over potentials. This is more essential for dye regeneration and
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electron injection into the semiconductor and provides a major loss of potential (>700 mV).** In
addition, over periods of sensitisation (more than 12 hours) of the TiO. semiconducting electrode
which showed increased quenching. Further, it varies in the geometry of adsorption, and giving
an induced aggregation which decreased the device performance.*®

1.3.2 Dye-sensitized Solar Cell Architecture

A conventional DSSC configuration®® is basically a thin-layer solar cell which made by
sandwich arrangements of two electrode on a glass substrate. The low cost and ease fabrication
of DSSCs have been gained much interest since 2000. The basic device configuration of DSSC is
given in Figure 1.1. The key components of DSSCs are photoanode, sensitizer, redox
electrolyte, and the counter electrode.

Pt/FTO ——— 3 Cathode: Platinised FTO

lodolyte: -1

Spacer: 25-30 pm

Dye loaded mesporousTiO,
Thickness: 10-12 um

FTO —————> Anode: FTO (8-10 chmem?)

Figure 1.1 Schematic diagrams of dye-sensitized solar cells.

1. Athin, compact layer of TiO2 which casted on FTO substrates utilised as a blocking layer
at the interface of FTO and photoanode.

2. The mesoporous TiO2 made of 20 nm particle size titanium dioxide is coated on
blocking layer. These layers were sintered to construct a better-interconnected charge
percolation network among the particles.

3. The surface of TiO: is coated with dye via adsorption through chemical bonding. Upon
photo-excitation, the LUMO state of the dye injects an electron to conduction band of

TiOy. After this process dye becomes its oxidized form. These oxidized sensitizers can be
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reformed to its original ground state via an electron regeneration from redox couple in the
electrolyte (iodide/triiodide)
4. The redox couple in the electrolyte generally contains ionic salts dissolved in organic
solvents
5. The oxidation and reduction reactions of I/l which direct the flow of electrons through
the external circuit
1.3.3 Operating Principle of DSSCs
In this part, it will briefly discuss about the operating principle as well as electron transfer at
various interfaces of DSSCs. The basic electron transfer reactions take place at various interfaces
of DSSC is presented in Figure 1.2 and pointed out below. Firstly, the dye (D) is excited by
absorption of a photon to form its excitied state (D*) (egn 1.1) and then, excited state of dye (D*)
can be injected an electron into the conduction band of the TiO2 (eqn 1.2). The injected electron
moves through the mesoporous network of semiconductor electrode to reach the back electron
collector electrode (counter electrode) through the external circuit. The oxidized dye (D) is
regenerated rapidly back to the ground state by the redox electrolyte (eqn 1.3). The ground state
and excited state redox potentials must be positioned correctly for both electron injection and dye
regeneration. For example, Homo of sensitizers should be more positive potentials than the
electrochemical potential of redox electrolyte couple (0.4 V vs NHE) that ensure the feasible
regeneration of oxidised dye. Further, the LUMO of the dyes should be more negative potential
than conduction band edge of TiO2 (—0.5 V vs NHE) which may result in a larger driving force

for electron injection from the excited state of the sensitizer to the TiO, conduction band

D+hy — 3 D* (photoexcitation)..........ceeeeeeiiicccnnenennicccnnne 1.1
D* ——————> D' + €ipjeceted (€lecton injecetion)............... 1.2
Dt +31 — 3 2S+1I; (dye regeneration)........ceceeeeeueuenerencncs 1.3

The recombination of the injected electron of the TiO- active layer takes place either with the

oxidized sensitizer (egn 1.4) or with the oxidized redox couple at the TiO; surface (eqn 1.5).

D" + e jo. ——— 3 D (TiOy/dye recombination).........cecceeeeerseeuseense 1.4

I3 + eior ————» 31 ,,0de (TiOy/electrolyte recombination).......... 1.5
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The dye in the excited state can decay back to the ground state when there is competition
between the electron injection into the metal oxide and the radiative and non-radiative decay of
the excited state dye (eq 1.6).

D* s D+ hv/heat (photoexcitation).......cccceeeueerercruecsuncenne 1.6

TiO, photoanode Pt/FTO cathode

s/s*

‘ Dye ‘ l Electrolyte ‘ :

Il load II

Figure 1.2 Operating principle of Dye-sensitized solar cells.

1.4 Solar Cell Measurements

During the cell measurements in the dark condition, the current-density vs. voltage (J-V)
characteristics of both organic and inorganic solar cells were be similar to with the response of a
diode device. Upon illuminating a light on the device cell, that generates the photocurrent in a
device cell as well as the diode characteristic features. In general, the J-V characteristics of an

ideal solar cell device can be illustrated as Shockley eq 1.7 with photocurrent term,

1= oo (5t )1] -

where J is the current density, V is voltage, Jo is the reverse bias current density of the solar cells,
e is the elementary charge, n is the ideality factor, k is the Boltzmann constant, and T is

temperature.
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0.0

2.0F

Current density (mA/cm?) Power density (mVW/ cm’)

Voltage (V)

Figure 1.3 J-V Characteristics of solar cells with all parameters

Figure 1.3 depicts the J-V plot for an ideal solar cell in the power generation region. The
power density, the product of voltage and current density, versus voltage is also plotted, and
negative power axes show the power generation upon illumination. The parameters which can be
found from the J-V characteristics curve of a device under illumination are short circuited current
density (Jsc), open-circuit voltage (Voc), fill factor (FF), and power conversion efficiency (7).
1.4.1 Short-circuit Current
The short circuit current density Jsc can be illustrated as the current density when the voltage
across the devices is zero (V = 0), which is close to the two electrodes of the cells being short-
circuited. Again, there is no power generated at this point since the V = 0, but the Jsc does mark
the onset of power generation. In ideal devices, the Jsc will be the similar as that of the
photocurrent density (Jpn) produced in devices. On the other hand, it will lower than the Jsc from
this ideal value owing to the loss process taking place at the devices. However Js is technically a
negative number with the conventions used here during the power generation from the cells.
1.4.2 Open-circuit Voltage

The open-circuit voltage (Voc) is the voltage across the solar cell while the current density is
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Zero (J = 0), which is resembling to the device being open-circuited. The Voc can be expressed
by the eq 1.8.

V.= fo KT n
oc™ + |n —Eredox
€ e L Ncb

where e is the elementary charge, n is the number of the electrons in TiO2, kg is the Boltzmann

constant, T is the absolute temperature, N is the effective density of states, and Eredox IS the
redox potential of the redox couple. Thus, the maximum Voc corresponds to the difference
between the energy level (Ec) of the CB of TiO2 and the redox potential of the electrolyte. On

the other hand, the actual Vo is always lower than the expected theoretical value because of the
recombination of injected electrons with electrolyte and oxidised dye cations.

1.4.3 Fill-factor

When Voc and Jsc are the critical factors which decide the power generation in solar cells, the
maximum power density generated at point Pmax take place at the voltage Vmax and current-
density Jmax Where the product of J and V is at a minimum as shown in Figure 1.3. Owing to the
diode behaviour an additional resistance and recombination losses in solar cells produced, which
makes the Jmax and Vmax always lower than Jsc and Vo, respectively. The fill factor FF illustrates

the differences in the ratio of these parameters and can be given by the following eq 1.9,

Jmax Vmax
FF = —
JSC VOC

FF which indicates that how close Jmax and Vmax to the Jsc and Vo and also the sharpness
of the bend in the exponential J-V curve. Since higher FF which corresponds to higher maximum
power, high FF is desired and however, the diode-like behaviour of solar cells resulting FF
always lower than one. Devices with high Jsc and Vo can still have low FF, suggesting that
something must be done to improve device quality.

1.4.4 Power Conversion Efficiency

The most discussed significant parameter of a solar cell is the power conversion efficiency (). It
is defined as the percentage of incident irradiance that is converted into output power. The
maximum output power Pmax IS used for calculating power conversion efficiency. The cell

efficiency can be written as follows,
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This clearly indicates that FF, Js, and Voc have direct effects on #. Power conversion
efficiency is very important because it determines how effectively the space occupied by a solar
cell is being utilised to generate a given amount of power. Because larger areas require more
resources to cover the solar cells, higher # is often desirable. Power conversion efficiency is also
very dependent on the power and spectrum of the light source since solar cells do not absorb and
convert photons to electrons at all wavelengths with the same efficiency.

1.4.5 Incident Photon to Current Conversion Efficiency (IPCE)

Monochromatic incident photon-to-current conversion efficiency (IPCE) can be defined as the
percentage of photons that are converted to electric current when the cell is operated under short
circuit conditions. The value corresponds to the photocurrent density produced in the external
circuit under monochromatic illumination of the cell divided by the photon flux that strikes the

solar cell.

IPCE (L) =Ne /Np % 100%=1240 X Jso/(A X Pin).euvvieieininiiianne. 1.11

Here, Ne is the number of electrons generated in the external circuit, Ny is the number of incident
monochromatic photons, Jsc is the short circuit current density, 4 is the wavelength, Pi, is the
intensity of the incident light.

The factors determining the IPCE can be expressed as:

IPCE (A) = LHE (A). @inj 70001l « -+ vvneneneeeiiieee e 1.12

Here, LHE (1) is the light-harvesting efficiency for photons of wavelength 4 , @inj is the quantum
yield for electron injection from the excited state dye in the conduction band of the
semiconductor oxide. 7ncon is the electron collection efficiency on the back contact of
semiconductor oxide and the conducting glass.

1.4.6 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is one of the most important methods for evaluating the
charge transfer dynamics at the interfaces, when it is applied to an electrochemical process called
as electrochemical impedance spectroscopy (EIS). Furthermore, EIS measurements afford

insights into the important variations in Jsc and Voc for DSSCs to study the charge recombination

AcSIR-NCL/Punitharasu Vellimalai 11



Chapter 1

of interfacial dynamics between the injected electrons in TiO, conduction band (CBrio2) and I3~
in electrolyte at interfaces of TiO,-dye/electrolyte under dark condition. In general for DSSC, Voc
is measured from the potential difference between shift of quasi- Fermi level of electron in the
TiO2 (Ern) and the fermi level of redox potential of electrolyte (Er, redox) in the electrolyte in eq
1.13.

Voc = EF redox) - EEn) (1.13)

The Nyquist plot Figure 1.4 shows the current response to the application of an ac
voltage as a function of the frequency, in the dark condition. The Nyquist plots were acquired in

—30
R, Rs
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_25 .
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= -15
N
,10 -
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S ~
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Figure 1.4 Impedance analysis with Nyquist plot (inset shows the equivalent circuit)

the dark conditions at different applied bias in which the smaller semicircle at high frequency
represents the impedance because of electron transfer occurs at the interface of Pt/electrolyte
interface, whereas the larger semicircle at mid frequency range with respect to charge
recombination resistance (Rc) because of charge transfer occurs at the interface of TiO»-
dye/electrolyte. The third semicircle at low frequency range represents the diffusion of
electrolyte species in redox couples.

Several research groups have been established systematic approach efficiently to evaluate
the EIS parameters for DSSCs. Determination of physical parameters from electrochemical
impedance spectra of DSSCs is afforded by fitting the spectra to an equivalent circuit which
showed in Figure 1.4, whereas Ri, Rz and Rs is the resistance of the charge recombination

process at the TiO-dye/electrolyte interface; Cz, Cs is the chemical capacitance of the TiO: film;
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Zw is the Warburg element showing the Nernst diffusion of I3 in electrolyte; Herein, the high
impedance at the interface of TiO-dye/electrolyte represents the minimum recombination

reactions.

1.5 Key Components of DSSCs
The general configuration of DSSCs consists of four main components: a transparent

photoanode, sensitizers adsorbed on mesoporous nanocrystalline metal oxide, an inorganic liquid
electrolyte or solid organic hole-transporter, and a counter electrode.

1.5.1 Nanostructured Metal Oxide Electrodes

Researchers reported very important breakthrough for DSSCs in 1991,%4247 was usage of
mesoporous TiO electrode, with a high internal surface area to support the monolayer of dyes.
Furthermore, the nanostructured metal oxide which plays highly significant part in DSSC for dye
adsorption and transport of the photogenerated electrons. Currently TiO2 has been broadly used
for DSSCs purpose owing to its significant properties including a high refraction index, a good
chemical stability, an amphoteric surface and a low manufacturing cost.*® TiO, contains a wide
band gap of 3.2 eV which can be found in nature as anatase, rutile or brookite. Anatase is the
most common structure used in high performance solar cells. Here, there are many other metal
oxide * systems available such as ZnO*>%84° Sn0,,% and Nb,Os***8 have been tested and TiO.
provides the highest efficiencies.

In general, DSSC device, the size of TiO2 particles is around 20 nm and normally
colloidal TiO; dispersions are allowed to deposit nanocrystalline TiO2 films on FTO substrate.
There are some techniques such as screen-printing and doctor-blading which are broadly used for
the deposition of the TiO; layer.>! The key to the breakthrough for DSSCs technology was due to
the TiO2 film, which contains a mesoporous semiconductor structure compared to a flat
electrode. The mesoporous TiO> films contains more surface area nearly 1000-times greater than
a flat electrode. Furthermore, the porosity of these films which leads to the electrolyte to fill and
cause better contact with the dye molecules and electrolyte.

1.5.2 Different Redox Mediators
The redox mediator can lead the completion of the cell circuit, but also it can affect the cell’s
overall cell performance via the concentration of the cations in the electrolyte. 4>°2°* The liquid

electrolyte is one of the most classic electrolyte and the world record efficiency is always
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achieved by liquid electrolyte for DSSCs. Generally, a liquid electrolyte includes four elements,
containing electron mediators like 1713, additives like tert-butylpyridine (t-BP) and organic
solvents used to dissolve everything. It is essential to specify that most of the efficient organic
dyes are analysed with standard iodide/triiodide electrolyte in acetonitrile. On the other hand, it
has been observed that the triiodide captured a non-negligible portion of the visible light and
therefore is competitive with the dye. The make use of such high-performance cell using iodine-
based electrolytes are thought to be result of superior dye regeneration by iodide. Besides the
slow electron transfer from the TiO. to triiodide making the dark current loss mechanism
unfavourable. It contains few drawbacks, including high volatility, significant coloration and
corrosive nature. Moreover, the redox potential of the iodine mediator is somewhat low (0.4 vs.
NHE) and it would be desirable for a mediator which have a more positive redox potential, to
show better match that of the sensitizer.> On the other hand, researchers are replaced 1715 redox
couples by cobalt bipyridine complexes which help enhancing the open circuit potentials. This is
due to the low visible absorption of light, and the reduced corrosiveness with respect to metallic
conductors existing by these redox couples.®®°” One important significant feature of cobalt redox
couple is the tuning of their redox potential are facile, which can be modulated to match the
photo-sensitizer minimizing energy loss with respect to oxidation potential in the dye
regeneration process. Furthermore, it has been promoted to slow mass transport.>” The back
reactions of injected electron are faster with respect to oxidized electrolyte® which connected
with slow regeneration of cobalt redox species at the cathode electrode.®® However, Power
conversion efficiency with these cobalt redox couples were especially lower under full sunlight
compared to the I7/1s" redox electrolyte. Other alternative redox electrolyte systems that do not
have these limitations towards the current research in the DSSC field. Therefore alternative
redox mediators have been investigated.
Possible variations in DSSC redox mediators include:*’

e lonic dyes with liquid electrolytes

e lonic liquids as electrolytes

e Solid electrolytes

e Gelification of the solvent
1.5.3 Counter Electrode
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Counter electrode (CE) is the interface where the oxidized species are reduced in the electrolyte
and those electrodes have been given equal important for DSSC performance. Generally,
fluorine-doped tin oxide (FTO) glass is coated via pyrolysis, sputtering, and vapour deposition
with platinum to afford more efficient reversible electron transfer with charge transfer resistance
of less than 1 © cm? However, Pt counter electrode is limited and more expensive. Hitherto,
non-Pt materials, including graphite, 8%-%2 carbon black, % carbon nanotubes,5 activated carbon ,
on FTO-glass and organic ion-doped conducting polymers of poly(3,4-ethylenedioxythiophene)
(PEDOT) on both indium tin oxide (ITO) and FTO-glass, have been suggested as a counter
electrode in DSSCs. Kay and Gréatzel group developed a counter electrode with good electronic
condition from a mixture of graphite and carbon black which has been used in DSSCs besides
catalytic activity.®* Deposited on a flexible substrate (ITO/PEN) it exceeds Pt on the same
materials, with a charge transfer resistance down to 1.8 Q cm?, at the same time thermal Pt on
FTO provided 1.3 Q cm? using the same ionic liquid electrolyte. The carbon catalyst-based
DSSC were recently achieved rendering a new option with low cost and high corrosion
resistance and gave over 9% efficiency under AM 1.5 simulated sunlight.%®

1.6 Dye Design

The sensitizer is one of the most important components to harvesting light in the DSSCs,
converting the incident light into photocurrent. Its properties have a lot of effect on the overall
power conversion efficiency and the light harvesting efficiency. The role of the sensitizer has
more impact on the light harvesting as well as charge injection. The following properties are
necessary for the dye to enable high power conversion efficiency (PCE) in the DSSC. First the
sensitising dye should cover panchromatic absorption in visible as well as NIR region for high
photocurrent, in particular high molar extinction coefficient in order to harvest as much photon
as possible with thinner TiO> film, respectively. Secondly, it must have anchoring groups and it
persists several anchoring units which are commonly used such as carboxylic acid (-COOH),
phosphonic acid (-POsHz) and sulfonic acid (- SOsH) to graft itself on the surface of TiO2 and to
inject electrons from the excited dye to conduction band of the TiO,. Thirdly, the ground state
and excited state redox potentials must be positioned correctly for both electron injection and dye
regeneration. Homo of sensitizers should be more positive potential than the electrochemical

potential of redox couple that ensure the feasible regeneration of oxidised dye. The LUMO of the
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dyes should be more negative potential than conduction band edge of TiO: that ensure the

electron injection process. In addition, the dyes should persist reasonably for both good thermal

and chemical stabilities. Finally, it should persevere its photovoltaic activity a minimum of 20

years of throughout current generation cycle under illumination. Till now, there are two main

class of sensitising dyes that metal complexes and metal-free organic dyes.

1.6.1 Ruthenium Complexes

In general, Ru(ll)-bipyridine metal complexes were utilized for more than over decade and still it

shows the higher end of power conversion efficiency nearly upto 11% compared to recent metal

based complexes. The literature strategies showing the Ru based metal complexes have been
studied for DSSC research purpose that listed in Table 1.2. M.

Table 1.2 Initial literature reports and Ru-metal complexes reported for DSSC research

No Metal Complexes Remarks/Milestones
1.2.1 Griétzel first report on DSSCs*? Year of 1992
1.2.2 Gratzel review for Dye sensitised | Year of 2003
solar cell®’
1.2.3 N3 dye®® PCE: 10%
COOH Jse= 17 mA/cm?
HOOGC O Voc=0.72V
O Ru“.\\m\N"C:S Electrolyte: 1715
HOOC O \N°C°s
COOH
1.2.4 Black dye®’ PCE: 10.4%,
Jsc = 20.5 mA/cm?
Voc=0.72V
Electrolyte: 1715
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1.2.5 N719 dye ¢ PCE: 11.18%

co&1ea® Js. = 18.23 mA/cm?

O Voc=0.86 V

-C*
Ry Electrolyte: 1715

CO@TBA@
1.2.6 Highest certified efficiency PCE: 11.1%
for DSSCS8 Js. = 20.9 mA/cm?
®Na®ooc Voc=0.736 V
\\N-C"S Electrolyte: 1715
Nooc—/ N—RuN-C=s
N,

e
s

O Sooc

Grétzel was first reported N3 dye in 1993 and gave DSSC based solar cell that reached
efficiency of 10%.%° In addition, another type of N3 called black dye in which Ru-pyridyl
complex consists of four carboxylic acid groups (—-COOH) that gave efficiency nearly 10.4%.The
first N719 dye was studied and achieved at highest PCE of 11.18% and it was used as standard
reference dye for DSSC device.®® Until 2006, the Ru metal based complex, black dye was used
and showed the best reported efficiency of 10.4% °7. However, with optimised conditions and a
certified efficiency of 11.1% was reported using high haze TiO; electrode at 800 nm that was one

of the best reported so far for any DSSC using a Ru metal based complex.®® However, the use of
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ruthenium metal based complex is undesirable owing to limited availability, cost of expensive,
and environmental issues.®® "

1.6.2 Porphyrin and Phthalocyanine Dyes

In general, porphyrin dyes are aromatic macrocyclic compound which existing intensely blue-
green colour. In contrast to Ru complexes, porphyrin and phthalocyanine dyes showed an intense
absorption in the 400-450 nm region as well as higher region in the 500-700 nm with good
chemical, physical properties and thermal stability. The diamagnetic zinc based porphyrins dyes
having carboxylic grafting groups is showed the best performance among the all the porphyrin

and phthalocyanine®* dyes in Table 1.3.

Table 1.3 Initial literature reports and porphyrin and phthalocyanine based dyes for DSSC

research.
Dye Structure PCE (%)
D4’ PCE: 4.8%
Jsc =9.70mA/cm?
Voc =0.66 V
Electrolyte: 1715
YD-27 PCE: 5.6%

Js. =10.5mA/cm?
Voc =0.75V
Electrolyte: 1715
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YD-2-0-
C843

PCE:11.9%

Js =17.3mA/cm?
Voc=10.96 V
Electrolyte:

Co(V1

SM3717 CeH130

PCE: 12%
Js. =15.9mA/cm?
Voc = 096 V

Electrolyte: Co("")

SM315% CeH130

PCE: 13%
Js =18.1mA/cm?
Voc =091V

Electrolyte: Co'!)

TT1% %\

PCE: 3.2%

Js. =8.8 mA/cm?
Voc=0.55V
Electrolyte: 1715
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oPcS13 PCE: 5.5%
Js =11.7 mA/cm?
Voc =0.61V

Electrolyte: 1715

Nazeeruddin and co-workers used D-n-A based D4 dye and gave overall efficiency of
4.8%. But this class of dye having one problem that both the HOMO and LUMO are localised
in the macrocycle, and it is not good for charge separation and it suppress the electron injection
to the conduction band of semiconductor. To overcome this drawback along with aggregation of
dyes, dye was designed and introduced the strong electron donors and acceptors with anchoring
groups. Based on this idea YD-2,”® its derivative YD-2-0-C8% as well as SM3717® and its
derivatives SM315 are one of the dyes used in the world record solar cell.

D-A-n-A based SM315 dye showed an significant absorbance broadening features of
Soret and Q-band compared to SM371, yielding improved light harvesting in both the green and
red region of the spectrum. Recently, the panchromatic sensitizer SM315 achieved a record

13.0% PCE at full sun illumination without the requirement of a co-sensitizer.*°

1.6.3 Metal-free organic Dyes

In general, metal-free organic dyes are alternatives option for the Ru based metal complexes.
Because the structures of organic dyes are more diverse form that can be designed and
synthesised without difficulty. In addition, without using any rare earth metal, research into this
expanding field has mainly attracted on synthesising dyes, improving PCE (1), cell lifetime, dye
stability, concerning the cost and environment issues. The molar extinction coefficients of this
class of dyes are normally higher than that of metal based Ru complexes, and made these dyes
are very attractive for DSSC performance. In general, organic dyes are designed based on a
donor- - spacer-acceptor (D- n -A) and Donor-Aceeptor-rn-Acceptor (D-A-m-A) architecture.

Upon photexcitation, the photoinduced excited electrons transfer from donor part to acceptor part
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through the n-bridge towards conduction band of TiO, surface via electron accepting groups.
Many essential efforts have been made to change the various parts of metal free organic dyes to
optimize DSSC  performance including coumarin dyes,’" 8 indoline dyes,8%
tetrahydroquinoline dyes,®~%° triarylamine dyes,®"*° heteroanthracene dyes,°®1% carbazole
dyes, 2105108 N N-dialkylaniline dyes,?1%9-111 hemicyanine dyes,''211® merocyanine dyes,1%122
squaraine dyes,*?%0 perylene dyes,®*13 anthraquinone dyes,**® oligothiophene dyes,®
polymeric dyes,**"13% and natural dyes'°#? have been adopted to act as sensitizers for DSCs
and have obtained impressive efficiencies.

In general among the metal free organic dyes and squaraine chromophores that absorb in
the red and NIR regions of the solar spectrum, besides squaraine dyes possess the transitions
with high molar extinction coefficient in the far-red, and NIR regions (10°M™cm™).These
structures are very interesting for photovoltaic applications because they can harvest near-
infrared (NIR) light and convert low-energy frequencies from solar irradiation. Further,
squaraine dyes showing very intense and narrow absorption strongly in the NIR spectroscopic
region.1*® Owing to their intense and narrow absorption in the NIR region, getting strong
panchromatic incident-photon-to current conversion efficiencies (IPCEs) for such squaraine dyes
are normally very difficult to achieve, thereby leading to PCEs of 3.9— 6.3%.44147 On the other
hand, the efficient squaraine dye YR6 squaraine dye, which shows a PCE of 6.7%, and it exhibits
a good IPCE response (>50%) in the range 450—700 nm,**® and it is because of the presence of
additional = bridge which gives extra higher-energy absorption features. Here, aggregation of
dyes on the TiO> surface is one of the most important cause for suppressing the IPCE response of
squaraine dyes.***” But monomeric dye adsorption on the semiconductor metal oxide surface has
efficient potential to improve the PCE of devices.**!?° Further to improve IPCE response, di-n
hexyl- substituted cyclopentadithiophene (CPDT) bridge was introduced in place of thiophene
bridge of YR6 dye to form JD10 which shows good Jsc and PCE of 7.3%.° In addition, the
gem-dihexyl substituents suppressing the undesirable aggregation and disturb the any non-
productive intermolecular charge transfer.'®® The use of a di-n-hexyl-substituted CPDT bridge in
place of the thiophene bridge of YR6 is anticipated to significantly contribute to increasing the
absorbance strength of high-energy bands, which may also provide a substantial increase in

photocurrent.!
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The effect of various n- bridges was studied which have high energy absorption bands
corresponding to the NIR absorption of the squaraine to improve the panchromaticity and
IPCE.1*® Ultimately to achieve those response, different © bridges were introduced covalently
linked squaraine donor and accreptor such as, 4-hexyl-4H-dithieno[3,2-b:2’,3"-d]pyrrole (DTP),
dithieno[3,2- b:2',3'-d]thiophene (DTT), and 4,4-bis(2-ethylhexyl)-4Hsilolo[ 3,2-b:4,5-
b'ldithiophene (DTS). In addition DTS shows significantly contribute to increasing the
absorbance strength of high-energy bands which provide significant photovoltaic performance

and IPCE response and gives maximum efficiency of 8.9%.1°2

Table 1.4 Initial literature reports and metal-free based organic dyes for DSSC research

Dye Structure PCE (%)

JK-21>4 PCE: 8.01%

Js =14.2 mA/cm?

N \S/ \S/ N\~COOH Voc=0.76 V

o®

v &
Electrolyte: 1715
Y 12315 CeH130 PCE: 10%
(octs 35 =13.06 mA/cm?
O Voc =10V
NCOOH
O NC Electrolyte: Co'!
CeHi3CeH1a
O OCgH13
C272%% CgH17 PCE: 10%
CeH13 S

CgH17 N™N

N = 2
ol Yl 5L el coom | 15.92mA/cm
0.0 Voe = 0.90V

Electrolyte: Co'!
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C275%%°

PCE: 12%
Js =14.54 mA/cm?
Voc =092V

Electrolyte: Co("")

SQ01129

CO,H

PCE:4.5%

Jsc =10.5mA/cm?
Voc=0.71V
Electrolyte: 1715

YR6148

PCE: 6.7%

Js. =14.8 mA/cm?
Voc=0.71V
Electrolyte: 1715

DTT-CA™

PCE: 5.8%

Jsc =12.9 mA/cm?
Voc=0.64 V
Electrolyte: 1715

JD10%9

PCE:7.3%

Js. =16.4 mA/cm?
Voc=0.63 V
Electrolyte: 1715

DTS-CA™?

PCE: 8.9%
Jse =19.1 mA/cm?
Voc =0.68V

Electrolyte: 1715
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SQM1a’

PCE:3.6%
Jse =14.2 mA/cm?
Voc = 050 V

Electrolyte: 1715

SQM1b™

PCE: 2.9%
Js. =10.3 mA/cm?
Voc = 053 V

Electrolyte: 1715

HSQL™

PCE: 4.1%

Jsc =11.84 mA/cm?
Voc =055V

Electrolyte: 1715

HSQ2159

HO™ "O

PCE: 4.1%

Jsc =11.55 mA/cm?
Voc =058V

Electrolyte: 1715

HSQ3™

NC._COOC,Hs

PCE: 4.6%

Js =13.95 mA/cm?
Voc =058V

Electrolyte: 1715
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HSQ4° NC._COOC,Hs PCE:5.66%

Jsc =15.61 mA/cm?
Voc = 056 V

Electrolyte: 1715

HSQ5/ PCE:4.7%

Jsc =11.87 mA/cm?
Voc = 057 V

Electrolyte: 1715

Besides extending the conjugation by m-spacer, modification on the squaric unit has been
also attempted to increase light harvesting efficiency of SQ dyes. Electron withdrawing
barbiturate appended cis-configured squaraines dyes helped in extending the conjugation with
better device efficiency than SQ1. Further design to improve the device performance with
dicyano-, cyanoester derivatives and number of anchoring groups showed the cell efficiency up
to 5.66% (Table 1.4).1%

1.7 Challenges and Perspectives

1.7.1 Dye Aggregation on the Surface of Semiconductor Metal Oxide

Even though a lot of efforts have been made in the design strategies of organic dyes to enhance
the efficiency, the overall DSSC performances are determined by some key factors such as the
photo-excited state of the dyes, electronic overlapping between the LUMO and conduction band
of the metal oxide semiconductor and more importantly the formation of dye aggregation. Most
of the above concerns have been resolved by means of substitution of different donor/acceptor

moieties. However controlling the aggregation of dyes on the TiO2 surface is a challenging task.
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Ti 02 | 4 4 [

(a)
(o]
Tio, HO
(c) Deoxycholic acid

Figure 1.4 Molecule arrangement of sensitizer on titanium dioxide film. (a) m-stacked dye
molecules, (b) Alkyl chain for reducing the aggregation, (c) chenodeoxycholic acid to diminish

the dye aggregation

In general metal free organic dyes have remarkable tendency towards the formation of
aggregation when it adsorbs on the semiconductor surface due to the alignment of intrinsic
molecular dipole. Such aggregated structure may have either blue shifted (H-aggregate) or red-
shifted absorption (J-aggregate) with respect to that of the monomer. Intermolecular n—n
interaction of aggregated structures on TiO> surface leads to varied DSSC device efficiency in
Figure 1.4. Self-assembly of active layer components of this class of dyes on TiO. surface
hampers photovoltaic device performance due to the aggregation-induced self-quenching of
photoexcited state has remained unexplored. There is one way to avoid aggregation using
photoanode electrode has to adsorb in dye solutions containing coadsorbates such as
chenodeoxycholic acid, which can help to control the self-assembly of dyes on the TiO; surface
or an efficient photovoltaic performance. In addition, the introduction of sterically hindered
substituents (bulky groups), such as long alkyl chains and aromatic units, into dye structures
should efficiently suppress dye aggregation owing to a disturbance in the intermolecular n—n

stacking.

1.7.2 Charge Recombination
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The charge recombination is one of the significant factors involved at the TiO,-dye/electrolyte
interface and it suppresses severely the photovoltaic device performance. In order to avoid this
major drawback, a lot of effort has been dedicated to optimizing the molecular structure of these
organic dyes, through controlling the self-assembling modes of the dyes and molecular dye
orientation on the surface of TiO. In addition, the introduction of bulkyl groups, long
hydrophobic alkyl and alkoxy chains on the donor (D) moiety in Figure 1.5, which are

effectively blocks the approach of hydrophilic I3~ ions to the TiO> surface. Further, it reduces the
P
() P
D@ I |-I- C::D r
I : : I
Bey ' '
I’ >

B OX @ D w)-6)

sq |
Kinj <

Figure 1.5 Schematic diagrams for charge recombination process at TiO2-dye/electrolyte

Best Passivation

TiO, TiO,

interface.

charge recombination, resulting an increase in the electron lifetime and Vo value and also to

decrease the self-assembly of dyes effectively for an efficient electron injection.

1.7.3 Position of Alky Groups and Importance on the Photovoltaic Cell

In general, alkyl groups have been introduced to control the packing of dyes on surface of
semiconductor photoanode that can reduce the level of self-assembly of dyes besides increasing
the photovoltaic parameter such as Voc and Jsc to achieve high efficiency by avoiding the charge
recombination. But there is a problem of facing that while introducing alkyl group in different
position of organic dye systematically either near or far from the TiO. surface and it showed
different kind of device performance. There were limited literature available related to the
substitution of alkyl group in different position of organic dyes to get knowledge about the
importance of position of alkyl group in the photovoltaic performance. It is essential to discuss
the influence of alkyl groups in different position of organic dyes on arranging the conjugated
backbone with respect to the surface of TiO2. Therefore, the strategies must be developed to deal

with these factors and it is clear that many challenges still remain unanswered. In order to
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understand the role alkyl group in different position of squaraine dyes in which the indoline unit
is preferred to introduce in-plane and out-of plane alkyl groups through N- and sp3-C atoms that
are near or far away from the TiO2 surface which clearly explaining controlling the dye

aggregation and the dye loading on the TiO> surface, besides its photovoltaic performance.

1.7.4 Optical Response towards Photovoltaic Cells

The spectrum is shown in Figure 1.6 as the irradiance of the sun as a function of wavelength.
Metal-free organic dyes were designed and synthesized to increase the intramolecular charge
transfer and extend the absorption band from visible to NIR region, respectively. However,
majority of these dyes were more efficiently involved in the visible region, but photocurrent
response in the NIR region needed to be improved for better PCE due to the maximum short-
circuit current (Jsc) for a solar cell with an absorption onset of 800 nm is 26 mA cm™ in Figure
1.6. From the above information there are limited chromophores available that absorb in the NIR
regions such as phthalocyanines, porphyrines, and polymethine dyes in which
symmetric/unsymmetric squaraine dye structures with dicyano, cyanoester, and diethylthio
barbiturate containing central squaraine units which help to extend the conjugation for
panchromatic light absorption towards the NIR regions and then showing better photocurrent

responses for better PCE.
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Figure 1.6 Photon flux of the AM 1.5 G spectrum at 1000 W m? (ASTM G173-03), and

calculated accumulated photocurrent.

1.7.5 The Role of m-bridges and Anchoring Groups on Solar Cell Performance
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A series of unsymmetric squaraine-based dyes were prepared with various = spacer and
anchoring group and studied in dye-sensitized solar cells in which the anchoring group was
attached directly through = spacer with and without an ethynyl spacer. Most of the = spacer
thiophene-based sensitizers YR6,#® JD10** and DTS provide photovoltaic performance from
6.74% to 8.9% than remaining ethynyl-spaced dyes in Figure 1.7.

CaHo™ ™
CaHo—~Si_o

n=45% n=54% n=674% n=6.0% n=73% n=89%
(2007) (2009) (2011) (2015) (2013) (2015)

Figure 1.7 Short summary of high-efficiency unsymmetric squaraine dyes for the DSSCs

Further, the thiophene-based dyes DTS dye are the most red shifted, with the onset of the
IPCE curves extending 50 nm into the low energy region beyond the remaining dye. The role of
n-spacer and anchoring group may tend to different molecular orientation on the TiO, surface.
Due to the certain degree of curvature in the system, which may help in controlling the dye
loading besides extending the conjugation in the NIR region and enhance visible absorption.
Finally this thesis work focused very important factors that has to be discussed and solved on
squaraine based dye to enhance the better photovoltaic device performances such as,
a) The importance of dye aggregation in charge injection at the aggregated dye-
TiOy interface.
b) Design and synthesis of more efficient panchromatic dyes by utilizing the benefit of
steric, electronic and aggregation effects.
c) By modulating the dye design and the orientation of dyes, the charge recombination can

be controlled in dye sensitized solar cells (DSSC).
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2.1 Introduction

Photovoltaics (PV) are emerging as a viable renewable energy technology, as an alternative to
conventional fuel. Dye sensitized solar cell is one of the most important photovoltaic technology
that has been attracted much attention and extended into the possibility of inexpensive and
efficient solar energy conversion. In 1991 O’Regan and Gratzel published the first remarkable
report which led more efficient mesoscopic DSSCs towards consistent and potential photovoltaic
technology with PCE more than 10%.12 There are few important key components pushed in-
depth research like molecular sensitizers, n-type semiconductors, redox couples and cathode
materials which showed the importance in chemistry and suitable interfaces of these functional
materials.*° On the other hand, sensitizers are significant part of DSSC due to the photoinduced
charge separation takes place at the TiOz-dye/electrolyte interface.!*2 The structure-property
relationships of sensitizing chromophore were studied and employed its relevance in further
improvement of dye cell’s PCE.'® The panchromatic structures of ruthenium based complex
were demonstrated a significant improvement in efficiency from 7.12% for homoleptic dye to
11.8% for heteroleptic dye.'*'® Molecularly engineered zinc based porphyrin dye, SM315,
which replaced structure of YD2-0-C8 donor-z-acceptor (D-n-A) dye with PCE of 11.9%,
showed a record of PCE of 13% under 1 sun illumination using cobalt redox couple.'’8
However, difficulty in synthesis, expensive transition metal precursors, and moderate molar
extinction coefficient of metallated dyes which found a more consistent way of tuning the
spectral properties of sensitizers using metal-free organic systems.1%-2!

Recently, the literature survey of metal-free organic dyes, were reported and showed
significant PCE more than 10% using either single dye or co-sensitization of multiple dyes.®
Triarylamine based D-n-A and D-A-n-A dyes exhibited new insight into the effect of electronic
and steric factors on light harvesting and interfacial process.® Recently, indenepeylene based D-
A-7-A dyes (C257) showed PCE of 11.5% using cobalt redox electrolyte under 1 sun
irradiation.?? When comparing the optical and photovoltaic properties of NIR active squaraines,
their high molar extinction coefficient of NIR region and good performance of PCE using 1715
redox electrolyte of the later which attracts them like an significant molecular structure in dye
cell.2®24 NIR light-harvesting polymethine dyes such as squaraines, and cyanines have been
recently studied without compromising device cell performances .2°>2® In general squaraine dyes

showed high photovoltaic performance compared to other polymethine dyes and their
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unsymmetrical z-framework favors unidirectional charge injection which is due to the strong
coupling between lowest unoccupied molecular orbitals (LUMO) of dye with TiO> conduction
band edge (Ecs) through carboxylic acid anchoring group.?’ After chemisorption of squaraine
dyes on the TiO> surface which exhibited strong intramolecular charge transfer (ICT) towards
NIR region besides broadening of absorption spectrum renders them as important class of
sensitizers.?® The solar cell efficiency of polymethine dyes govern many parameters apart from
photophysical and electrochemical properties. Self-assembly and orientation of dyes on TiO>
surface plays very important role in achieving the high efficiency device cells.?®3° The
orientation of dyes on TiO- surface were controlled by changing length, position of in-plane and
out-of-plane hydrophobic functionalities; type, number and position of anchoring groups;
dipping solvent, co-adsorbents and co-sensitizer were studied in the literature.342
Unsymmetrical squaraine structure of silalodithiophene z-spacer having out-of-plane branched
alkyl groups showed a PCE of 8.9% implying both electronic and steric effects.*® In-plane and
out-of-plane branched alkyl group on sp®-C and N-alkyl position in D-A-D dyes were showed a
PCE of 9.1% for top-alkylated SQ5 is also recently reported.* Extending the length of branched
alkyl groups away from anchoring group which helps the orientation of dyes with controlled
aggregate formation upon chemisorption that can passivate TiO> surface besides broadening the
absorption spectrum to enhance Jsc and Voc.*>*> When comparing the relative orientation of para,
meta, and ortho carboxyphenyl functionalized porphyrin dyes adsorbed on TiO: surface, the
more parallel orientation of meta- and para- showed more than ortho- dyes to the surface are
attained better PCE.*647

Dipole-dipole interaction of self-assembly of dyes on TiO, surface, which leads to H
(hypochromic shift) and J (bathochromic shift)-type aggregation on the surface and their
contribution revealed a significant broad spectral coverage in spectrum for PCE. However,
aggregation induces excited state quenching and results in inefficient electron injection, 284851
There are a selective ways used which helps to control the dye aggregation and enhance the
device cell performance such as (i) addition of optically transparent co-adsorbent (CDCA), (ii)
co-sensitization using a sterically dominated dye, (iii) supramolecular host-guest complex, and
(iv) by attaching branched alkyl groups.** ®*®* The role of m-bridges were introduced in

squaraine DSSC and studied the unsymmetrical D-n-A based dyes, JD10 gave 7.3% efficiency in
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liquid electrolyte.>® Sensitizers have persists different orientation depending upon the m-spacers
and D-A-D unit dihedral angle in squaraine dyes.*® D-A-D based far red active unsymmetrical
squaraines dyes can be functionalized with in-plane and out-of-plane alkyl groups and observed
the formation stable aggregate that can also efficiently participate in the charge injection

process* %7

In this chapter, effects of (i) position of in-plane and out-of-plane alkyl groups and (ii) =-
spacer have been examined on a D-A-D-n-Anchoring group based unsymmetrical squaraine

dyes. The design and molecular structures of five dyes PSQ1-5 were showed in Figure 2.1.

(a) (b) R R < out-of-plane branching (d)
— > To control the dye
D N assembly on the TiO, surface
R = in-plane alkyl grou
sQ y P yl group
(c) NC O E
@ < 7a\Vm®
To control the O =
Curvature due to . . xS
n- spacer n-spacer ]’ orientation of the dye
NG on the TiO, surface NC. = NC. .~
i I \_ z
Anchoring E SQT g SH Extending the absorption in the NIR 070 070
group U region along with additional visible ) L I
absorption o, ) (Tio, )

Position of out-of-plane
branching and in-plane
alkyl groups

PSQ5

Figure 2.1 (a) D-A-D-z-A dye based on unsymmetrical squaraine dyes, (b) in-plane and out-of-
plane branching on indoline, (c) curvature due to w-spacer, (d) schematic representation of mode
of anchoring on TiO> surface, and (e) the z-extended structure of alkyl functionalized

unsymmetrical D-A-D-z-A squaraine dyes, PSQ1-5.

2.2 Results and Discussions
2.2.1 Synthesis of PSQ Sensitizers
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Figure 2.1 shows the structures of D-A-D-z-A unsymmetrical squaraine sensitizers (PSQ1-5)
and its multi-step synthesis is carried out according to Scheme 2.1. The starting material, a
branched ketone, 3-octyl-2-tridecanone** and 3-decyl-2-pentadecanone was synthesized from
corresponding branched alcohols 2-octyldodecanol and 2-decyltetradecanol.
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Scheme 2.1 Synthesis of branched alkyl group containing z-extended D-A-D-z-A squaraine
dyes, PSQ1-5.
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Unsymmetrical squaraine dyes (D-A-D-z-A) with wt-spacer and cyanoacetic acid requires
three segment of synthesis, where bromo group functionalized unsymmetrical squaraine (D-A-D)
needs to be synthesized first and further Suzuki coupling with w-spacer provides the aldehyde
terminated precursor and further Knoevenagel condensation with cyanoacetic acid provides the
required products. Microwave mediated Pd catalyzed Suzuki coupling provided the aldehyde
precursor in good yield in short reaction time. The branched alcohol was oxidized in the presence
of PCC to give the branched aldehyde, A and it was reacted with MeMgl to afford the branched
secondary alcohol, B. Oxidation of B in the presence of PCC afforded the required branched
methyl ketone in moderate yield, which was then reacted with phenyl hydrazine to give the
indoline derivative (2a-3b), followed by N-alkylation with methyl/hexyl/dodecyl iodide afforded
the required indolium salt (4a-5b). The indolium salts were condensed with the bromo
functionalized semi squaraine to afford the unsymmetrical squaraines (7a-7c). After microwave-
assisted Suzuki coupling with 4-formylphenylboronic acid and 5-formylthiophen-2-ylboronic
acid, the aldehyde precursors (8a-b, and 10a-c) were isolated in high yield; this precursor was

further condensed with cyanoacetic acid to afford PSQ 1-5 dyes.

2.2.2 Photophysical Properties The optical properties of PSQ1-5 in solution (CHCI3) and on
transparent thin film of TiO2 (6 um) are shown in Figure 2.2, and summarized in Table 2.2.
Squaraine dyes show strong and intense absorption/emission properties at far-red region with an
extinction coefficient of > 10° M cm™. UV-vis absorption spectra of dyes, Figure 3a, exhibit a
strong So-S: intramolecular charge transfer (ICT) transition at far-red region with a vibronic
shoulder at higher energy, and also a weak absorption band between 400-500 nm (¢ ~ 10° M*
cm™?). Such high energy transitions were observed for SQ dyes upon increasing the conjugation
with m-spacer or the dicyano derivatives of SQ dyes.®” PSQ dyes were having wavelength at
absorption maxima (Amax) around 654 to 667 nm and for PSQ1 and PSQ3 substituting phenyl
group with thiophene causes red shifted absorption band (11 nm), and for positional isomers Amax
were almost same. For PSQ1 and PSQ?2, the position of sp3-alkyl group produce small changes
in molar absorptivity (~2x10° M cm™) and Amax of 654 nm in solution. For PSQ1 and PSQ3,
absorption onset was increased in later and found a slight decrease in molar absorptivity. In case
of PSQ3 and PSQ4, both shows close similarity in their Amax and € values, even after extending

the length of top indoline sp®-alkyl chain, PSQ5. Emission Amax 0f PSQ1-5 shows intense peak
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between 664-676 nm, optical band gap of thiophene n-spacer based dyes were decreased and
shifted towards long wavelength.

(a) (b)
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—~, 5| —PSQ1 s 1.0
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Figure 2.2 Optical properties of PSQ1-5 dyes. (a) UV-vis absorption spectra in CHCIz (blue,
magenta and green colored curves are overlapping), (b) Normalized emission spectra in CHCI3
(excitation wavelength: 610 nm) (blue, magenta and green colored curves are overlapping).

Absorption and emission studies were carried out in solvents with different polarity
(Figure 2.3-2.6) and found that gradual increase in polarity increases the excitation energy, this
solvatochromism shift attributed to the more polar nature of ground state than excited state, and
the results are listed in Table 2.1. The Stokes shift of ~10 nm for PSQ series shows the change in
dipole moment in the excited state is small. Fluorescence quantum yield (¢) in different solvents
was measured via relative method** and in chloroform ¢ shows an increasing order of
[PSQ1~PSQ2]>[PSQ3=PSQ4=PSQ5]. The excitation transition energy (Eo-0) was calculated
from the intersection of absorption and emission spectra and PSQ1-5 exhibited optical band gap
between 1.85-1.88 eV (Table 2.2).
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Figure 2.3 Normalized UV-vis absorption (a) and fluorescence spectra (b) of PSQ1-5 in EtOH.
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Figure 2.4 Normalized UV-vis absorption (a) and fluorescence spectra (b) of PSQ1-5 in
CH2Cl.
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Figure 2.5 Normalized UV-vis absorption (a) and fluorescence spectra (b) of PSQ1-5 in PhMe.
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Figure 2.6 Normalized UV-vis absorption (a) and fluorescence spectra (b) of PSQ1-5 in DMF.
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Table 2.1 UV-vis absorption and fluorescence properties of PSQ1-5 in different solvents and at

excitation wavelength (Aex) was 610 nm

Dye  Zn/imie(n  Agn/Ami(n Aiimm(n AZLlgE(n A /A (n
m), ¢, in m), ¢, in m), ¢, in m), ¢, in m), ¢ , in DMF
PhMe CH.Cl CHCIs3 EtOH

PSQ1 665/675,0.42 657/665, 0.31 654/664, 0.47 651/660, 0.41 658/669, 0.33

PSQ2 665/675,0.47 658/676,0.27 654/664, 0.48 651/660, 0.34 660/670, 0.28

PSQ3 671/691, 0.23 669/676, 0.14 665/675,0.39 662/673,0.34 669/680, 0.29

PSQ4 680/691,0.30 671/676,0.35 667/676,0.39 662/673,0.32 671/680, 0.25

PSQ5 679/694,0.25 669/677,0.14 665/675,0.39 662/673,0.36 670/681, 0.29

Effect of chemisorption on TiO- surface in dye absorption features showed in Figure 2.7a.
A transparent, 6 um thick, TiO> film dipped in 0.1 mM dye solution for a short time (30 min);
dyes PSQ1-5 showed a broadened absorption spectrum due to aggregation on the surface. Ratio
of optical density of monomer with dimer given in Table 2.2, which helps to conclude extend of
aggregation for each dyes on surface and found that top alkylated PSQ dyes are more aggregated
than the down branched dyes (PSQ2 and PSQ4). Effects of position of out-of-plane alkyl group
in PSQ1 and PSQ2 exhibited 21% decrease in the ratio of Adimer/ Amonomer. But PSQ1 and PSQ3
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Figure 2.7 Optical properties of PSQ1-5 dyes. (a) Normalized absorption spectra on thin film of
TiOy, thickness = 6 pum, dipping time = 30 min, and [PSQ] = 0.1 mM in chloroform, (b)
Absorptance in % on thin film recorded after 12 h dipping in 0.1 mM solution of PSQs in CHCl.

showed similar ratio after exchanging z-spacer. Controlling the aggregation ratio was realized by
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increasing the alkyl chains at both sp3-C and N-centers as in the case of PSQ5. Prolonged
dipping of thin film in 0.1 mM dye solution revealed the both H and J-type pattern in
absorptance, and in addition to better spectral coverage in visible and far-red, these dyes LHE
(LHE = 1-107%) extends to near-infrared region. PSQ1-5 have shown broad LHE (from 400 to
800 nm) profile in the visible and far-red region of spectrum, which would contribute
significantly for their PCE.

Table 2.2 Photophysical and electrochemical properties of PSQ1-5 at rt

Dye Amaxiabs £a,E0 Amaxe  @emis  Amaxabs/ Adimer/  Enomo’  AEq.of ELUMhO
(nm)*® (%)

PSQ1 400,654 0.11,2.7 664 0.47 610,669 84 0.77 1.88 -1.12

PSQ2 399,654 0.12,25 664 0.48 618,667 63 0.82 1.88 -1.07

PSQ3 426,665 0.14,2.1 675 0.39 626,678 85 0.77 1.85 -1.08

PSQ4 427,667 0.16,2.1 676 0.39 629,682 70 0.81 1.85 -1.04

PSQ15 429,665 0.12,2.2 675 0.39 637/680 75 0.73 1.85 -1.12

aUV-vis absorption in CHCIls. "Molar extinction coefficient in visible region peak ea, and charge
transfer peak ep. ¢ Emission studies. %Quantum yield by relative method in CHCls. ®On thin film
of TiO;, thickness = 6 um, dipping time = 30 min, and [PSQ] = 0.1 mM in CHCIls. "Enomo of
PSQ1-5 in CH2Cl,, Fc*/Fc was used as external standard and potential measured vs Fc/Fc* (eV)
were converted to NHE (V) by addition of 0.7 V/®*. 9Eq.o deduced at the intersection of absorption
and emission spectra using the eq Eoo (eV) = 1240/Amax. "ELumo levels were measured by

subtracting Exomo from Eo.o.

To study the aggregation characteristics of these dyes in solution, we have recorded the
absorption spectrum of PSQ3 and PSQ4 in various concentrations in dipping solvent (CHClIs),
and observed that PSQ3 exist as loosely bound aggregate (called as dynamic aggregate) in
solution and deviated the Beer-Lambert law when the concentration reached around 0.025 mM.
Whereas for PSQ4, non-linearity starts when the concentration of dye dipping solution goes

beyond 0.1 mM (Figure 2.8b). This observation is important in the sense that the out-of-plane
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group that was far away from the anchoring groups allows the strong intermolecular interaction
even in solution, and in the case of PSQ4, the dye exist as monomer at 100 uM which was the
concentration of dye that was used for dipping the electrode for device fabrication. The
mechanism of transferring the dynamic aggregate in solution to static aggregate on TiO> surface

for dye cell application have given in Figure 2.8c.

(a) (b)
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Figure 2.8 Aggregation of dyes in solution. (a) UV-vis absorption spectrum in CHCIz in

different concentration (path length of the cuvette 0.1 cm), (b) Deviation from Beer-Lambert law
(PSQ3 and PSQ4) and (c) Schematic representation of adsorption of top and bottom alkylated
PSQ dyes on TiO- surface.

2.2.3 Mode of adsorption on TiO2 and Structure of PSQ dyes Absorptance study showed that
the aggregation of PSQ dyes having fingerprints of monomer, dimer and larger aggregated
structures on mesoporous TiO2 in Figure 2.7. It is essential to discuss the influence of z-spacers
or position of out-of-plane and in-plane alkyl groups on arranging the conjugated backbone with

respect to surface. The association of z-functional molecules in solution can be studied using H-
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NMR spectroscopy (Figure 2.9) and UV-vis absorption studies (Figure 2.8). NMR studies are
widely used but at higher concentration signals are broadened owing to aggregated structure.®®
Absorption studies of different dye concentration (6.2 uM to 0.2 mM), cuvette path length was 1
mm, exhibited distinct absorption behavior for upper-indoline-alkylated and bottom-indoline-
alkylated dyes. Figure 2.8 shows Beer-Lambert plot for PSQ3 and PSQ4. The optical density of
vibronic peak of later set of dyes in chloroform and on thin film (dipping time of 30 min) was
less compared to their isomers. Line broadening effects in the *H-NMR spectra of PSQ3 and
PSQ4 were compared to ascertain the presence of aggregates in the solution that can be
transferred to form a static aggregate on TiO, surface. In case of PSQ4 even at higher
concentration NMR peaks were more resolved than PSQ3 owing to formation of strong
intermolecular attraction in the later class of dyes. Utilizing the van der Waals interaction for
assembling molecules is well known in literature but more proximity of dyes through z-z
interactions leads to least efficiency, and hence this study proves the control over dye-dye

distance in solution is important in DSSC.

PSQ3 1

5
Chemical Shift (ppm)

Figure 2.9 'H-NMR spectra of PSQ3 (top) and PSQ4 (bottom) in CDClsat rt.
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2.2.4 Electrochemical Characterization

The electrochemical properties of PSQ1-5 dyes in solution were investigated by
recording cyclic voltammograms to understand the feasibility of electron injection and dye
regeneration (Figure 2.10 and Table 2.2). All the dyes showed quasi-reversible first oxidation
peak. First-ground-state oxidation potentials (Ess+) of PSQ1-5 were calculated from the
oxidation onset of cyclic voltammograms with potential window of 0-0.8 V and which can be
attributed to the oxidation of indoline part of D-A-D unit. Figure 2.10 shows cyclic
voltammograms of upper branched PSQ1, PSQ3 and PSQ5 and the remaining plots (PSQ2,
PSQ4). The more positive potential of PSQ1 and PSQ3 (770 mV) than the electrochemical
potential of iodide/triiodide redox couple (400 mV vs NHE) ensure the feasible regeneration of
oxidized dye. The large dye regeneration driving force (AGreg) of PSQ dyes was higher than the
required minimum offset of ca. 200 mV (Figure 2.10b) and showed a loss-in-potential of 377
mV.2% 6667 For PSQ1-5 dyes the Eox was around 0.73-0.82 V vs NHE, suggests that the changes
in -spacers do not make large difference, in contrast the position of out-of-plane alkyl groups
showed a notable difference. Table 2.2 shows the electrochemical properties of PSQ1-5 dyes.
The more negative shift in the HOMO levels of PSQ1, PSQ3 and PSQ5 compared to bottom
alkylated PSQ2 and PSQ4 can be because of the difference in the interaction between top and
bottom alkylated PSQ dyes with the electrode. The LUMO energy levels of PSQ dyes (-1.04 to -
1.12 V vs NHE) were more negative than the conduction band edge of TiO, (Ecerio2) ca. -0.5 V
vs NHE and which is sufficiently higher than the required over-potential ca. 100 to 150 mV.?®
The higher lying LUMO brings large injection driving force (AGin) of ca. 620 mV for PSQ dyes
helps in efficient electron injection (ninj). But the loss-in-potential was almost similar for the
series. Structural changes in isomers PSQ1 and PSQ2 or PSQ3 and PSQ4, kept the optical band
gap same. Shift in the conduction band-edge of TiO- in presence of charged species would be
attenuated using hydrophobic functionalities of PSQ dyes. For PSQ5, the HOMO and LUMO is
at 0.73 V and -1.12 V vs NHE, respectively and there was no significant difference after
extending the out-of-plane alkyl length. Comparison of PSQ1 and PSQ3 showed the addition of
more electron withdrawing thiophene in the later dye has a greater influence in LUMO than their
HOMO. Close similarity in the energy levels of PSQ dyes directs the question of significant

difference in PCE towards nanoscopic structure of dye/TiO, heterogeneous interface.
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Figure 2.10 Electrochemical properties of PSQ dyes. (a) Cyclic voltammograms for PSQ1-5
and (b) Energy level diagram of PSQ dyes (V vs NHE) with TiO2, and electrolyte
(iodide/triiodide).

2.2.5 Density Functional Theory (DFT) Calculations and Energy Levels To understand the
electronic structure of the PSQ1-5 dyes, their ground-state geometries and energies were fully
optimized by B3LYP/6-31G** level with the Gaussian 09 program®®%%. Figure 2.11 shows
energy minimized structures of PSQ1, PSQ3 and PSQ4, and the detailed parameters are listed in
Table 2.3. The isosuface plots of four selected frontier molecular orbitals HOMO+1, HOMO,
LUMO and LUMO-1 were depicted in Figure 2.12-2.13. Theoretical result elucidates there is no
such a significant difference in the distribution of electronic density of MOs after changing the z-
framework at gaseous state of these dyes. Distinct partition of HOMO towards D-A-D unit and
LUMO close to cyanoacetic acid group helps in strong intramolecular charge transfer (ICT) and
which favors strong coupling of LUMO with TiO2 conduction band edge. The electrons in the
HOMO-1 are completely delocalized on squaric acid unit, and for LUMO+1 the major part on D-
7-D and found remaining at cyanoacetic unit. The peculiar behavior of electronic distribution in
HOMO and LUMO of PSQ dyes would be owing to fast dye regeneration and charge injection.
Self-assembly of PSQ1-5 dyes plays crucial role in PCE. Distance between terminal carbon

atoms of top and bottom-indoline out-of-plane alkyl chains were calculated and enlisted in Table
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2.3. For PSQ1, PSQ2 and PSQ5 the distance (d1) was 16.1 A and in case of bottom branched
PSQ2 and PSQ4, d, showed 4.4 A increase in length. Dihedral angle of phenyl shares with D-A-
D unit of PSQ1 and PSQ2 was larger (33.7°) than thiophene derivatives PSQ3-5 (22.1°), which
in turn decreases extend of conjugation and reflected in the absorption spectrum. All three
important dihedral angles, 01, 02, and 03 are listed in Table 2.3. Position of out-of-plane alkyl
groups at top indoline unit which is away from the anchoring group showed the distance d: of
20.4 A and 20.2 A for PSQ1 and PSQ3, respectively.

(b) (c)

M~ /
N 3 A
AL LY | | | ,\~
& | -
91=jz}1? { A e P i 6,=0.94°
~P X —d,=1614 : ‘1}’ o= 20
AN / /i 02 \\RL"
/ ?( V.
d,=202A { ' 7\‘%/_;(,“*_7—
7~ 6.=22.10
6 =22.1 3 0;=2100
d=11.4A €|}
,\/
Figure 2.11 Energy minimized structures of (a) PSQL1, (b) PSQ3 and (c) PSQ4.
State PSQ1 PSQ2 PSQ3

ELumo+1=-2.45 eV
ELumo+1=-2.45 eV ELumo+1=-2.47 eV
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Figure 2.12. Isosurface plots of selected frontier orbitals (HOMO, HOMO-1, LUMO,
LUMO+1) of PSQ1, PSQ3 and PSQ3. Fully optimised at DFT B3LYP/6-31G** level.

(Isovalue set to 0.036 a.u.)
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Energy State PSQ4 PSQ5

ELumo+1
ELumo+1= -2.46 eV
ELumo+1=-2.44 eV
ELumo
ELumo= -2.83 eV
ELumo=-2.83 eV

p o

Enomo \ 17

Enomo=-4.77 eV

Enomo=-4.74 eV
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L e

Enomo-1=-5.82 eV

Enomo-1=-5.78 eV

Figure 2.13 Isosurface plots of selected frontier orbitals (HOMO, HOMO-1, LUMO, LUMO+1)
of PSQ4 and PSQ5. Fully optimised at DFT B3LYP/6-31G** level. (Isovalue set to 0.036 a.u.)

Table 2.3 Theoretical values of dihedral angles, distances and energy levels of selected MOs?

Dye  Distance between  Dihedral Angle ELomo Ehomo-1 Elumo Eiumo+r Eg

alkyl groups (degree)
(eV) (eV)  (eV) (eV)  (eV)

d: d, ds 01 0 03

PSQ1 204 16.1 5.05 029 337 -4.70 -5.79 277 -245 193
PSQ2 204 116 0.02 0.05 33.7 -4.73 -5.78 277 -245 196
PSQ3 20.2 16.1 6.21 0.79 221 -4.75 -5.84 -283 -247 192
PSQ4 205 114 094 131 214 -4.77 -5.82 -283 -246 194
PSQ5 201 20 523 122 214 -474 -5.78 -283 -244 191

&for the description of d and 6, refer the figure 2.11.

2.2.6 Photovoltaic Studies of PSQ1-5 Current-voltage (I-V) characterization of PSQ1-5 were
measured using iodide/triiodide (17/137) liquid electrolyte under standard conditions (AM 1.5G,
100 mW cm), and the cells average device parameters with and without co-adsorbent 3o, 7a.-
dihydroxy-5p-cholanic acid are summarized in Table 2.4 and Table 2.5. In the previous report
from our group, whenever the in-plane and out-of-plane branched alkyl groups on D-A-D part of
squaraine dye situate away from the anchoring group gave better PCE.* Upper branched PSQ1
having phenyl z-spacer showed 4.28% PCE with a Jsc of 11.05 mA cm™ and V. of 0.589 V.
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Addition of minimum amount of coadsorbent increased both the Jsc and Voc and further increase
in the concentration of CDCA reduced the number of dyes on TiO2 (Figure 2.14 and Table 2.4).
For the isomer, PSQ2, in absence of CDCA Jsc was comparatively similar and showed 11.7%
reduction in PCE because of low Vo (0.557 V). Efficiency of these cells was increasing till the
addition of 4 equiv of CDCA by the concomitant improvement in Jsc and Voc values but further
addition of CDCA reduced the cell performance. The J-V characteristics of PSQ1 and PSQ3
infer the effect of phenyl and thiophene z-spacers in D-A-D-z-A unsymmetrical squaraine dyes.
The small dihedral angle of thiophene unit shared with D-A-D part could accelerate the charge
injection than PSQ1 (Table 2.3). Though the PCE of PSQ3 was moderate in absence of CDCA,
addition of 0.1 mM (1:1 equiv of Dye vs CDCA) into the dye solution enhanced the efficiency
(Figure 2.15). A PCE of 7.21% was achieved for 1:3 equiv of dye: co-adsorbent ratio and the
corresponding Jsc and Vo were 17.11 mA cm? and 600 mV, respectively. Photovoltaic
parameters with different concentrations of CDCA were summarized in Table 2.5 for PSQ3-5.
As observed in the case of PSQ2, the bottom out-of-plane branching of PSQ4 displayed a 6.7%
decrease in efficiency, but reached the overall PCE of 6.36%, and which was higher than PSQ2
(5.55%). Hence the typical characteristics of bottom alkylated dyes, reduction in amount of dyes
on TiO, compared to their isomers as reported in the earlier study was changed after increasing
distance between anchoring group and alkyl functionalities, and the desorption studies are
showed in Table 2.4. Extending the length of out-of-plane and in-plane alkyl groups of PSQ3
shows significant improvement in current and voltage and which in turn brings high efficiency
for PSQ5 sensitized solar cells. For a dye cell measured without co-adsorbent for PSQ5 showed
14.28 mA cm? of Jic and 590 mV of Vo, its PCE was 33.4% higher than PSQ3, which is
attributed to the controlled organization surface using extended alkyl functionalities. The best
efficiency of PSQ series was achieved at one equiv of CDCA in 0.1 mM PSQ5 with a PCE of
8.15% ascribed to the Jsc of 19.73 mA cm and Vo 0f 0.630 V. After increasing the out-of-plane
chain length increase in both Jsc and Voc was observed.

The distinct profile of photon-to-current conversion of upper branched PSQ dyes indicates
the extended aggregation behavior of them in compared to isomers which showed narrowed
profile. The loosely bound aggregates in the solution where electrodes are dipped for
chemisorption of PSQ dyes help to control the assembly on surface and which is emphasized via

studying the absorptance of PSQ1-5 in presence of CDCA. Self-assembled monolayers of upper-
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branched dyes were exhibited comparatively small difference up on increasing the concentration
of co-adsorbent in solution than weakly bound PSQ2 and PSQ4. IPCE response of PSQ1,
PSQ3, and PSQ5 showed better conversion in dimer, trimer and larger aggregated region. In the
absence of co-adsorbent PSQ1 showed a broad profile than PSQ2, which is attributed to the long

range H-type aggregation as shown in the Figure 2.8a.
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Figure 2.14 1-V curve and IPCE profile of PSQ1-2, a-d, in CHCIs. (a) and (b) I-V and IPCE
curves for PSQ1-5 in absence of CDCA. (c) and (d) I-V and IPCE curves of best device for
PSQ1-5 in presence of CDCA (TiO2 electrode thickness = 8 + 4 um (transparent+scattering
layer), area =0.22 cm?, [Dye] = 0.1 mM in CHClIs, dipping time 12 h at rt, electrolyte: iodolyte

Z-50 from Solaronix).

Whenever the branching was close to anchoring group sensitizers showed a narrow profile

and which in turn decreased the Js.. The assumption of strong secondary interactions for PSQ1,
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PSQ3 and PSQ5 were clearly observed in the IPCE profile that after CDCA addition molecules
moves away and possessing more dimeric and monomeric nature. After all, the synergic effect of
controlled organization and effective conjugation of PSQ5 have high photon-to-current profile
with and without CDCA.

Table 2.4 1-V characteristics of PSQ1 and PSQ2 dyes with and without CDCA

[Dye]/ [CDCA])/mM Jse Voc (V)  ff (%) n(%) Dye loading

mM (mA/cm?) mol/cm?
PSQ1/0.1 0 11.05 0.589 65.8 4.28 1.58x107
PSQ1/0.1 0.1 12.06 0.591 68.7 4.89 1.15x107
PSQ1/0.1 0.2 15.79 0.626 70.1 6.92 1.25x107
PSQ1/0.1 0.3 16.47 0.607 70.2 7.01 1.20x1077
PSQ1/0.1 0.4 13.90 0.625 68.8 5.98 0.96x10”
PSQ1/0.1 1 13.12 0.611 70.2 5.62 0.66x1077
PSQ2/0.1 0 10.12 0.557 67.4 3.78 1.34x107
PSQ2/0.1 0.1 11.22 0.572 70.6 4.53 0.99x107
PSQ2/0.1 0.2 12.35 0.582 71.5 5.14 0.98x107
PSQ2/0.1 0.3 12.94 0.579 71.2 5.37 0.94x107
PSQ2/0.1 0.4 12.74 0.608 71.7 5.55 0.95x1077
PSQ2/0.1 1 11.05 0.594 71.6 4.70 0.54x107

TiO; electrode thickness = 8 + 4 um (transparent+scattering layer), area =0.22 cm?, [Dye] = 0.1
mM in CHCIs, dipping time was 12 h at rt, electrolyte was iodolyte Z-50 (Solaronix) and

summarize the result of best six devices with deviation.
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Figure 2.15 I-V curve and IPCE profile of PSQ3-5, a-f, in CHCIs. (a) and (b) I-V and IPCE
curves for PSQ1-5 in absence of CDCA. (c) and (d) I-V and IPCE curves of best device for

PSQ1-5 in presence of CDCA(TIO2 electrode thickness = 8 + 4 um (transparent+scattering
layer), area =0.22 cm?, [Dye] = 0.1 mM in CHCls, dipping time 12 h at rt, electrolyte: iodolyte

Z-50 from Solaronix).
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Table 2.5 I-V characteristics of PSQ3, PSQ4 and PSQ5 dyes with and without CDCA

[Dye]/ [CDCA}/mM Jsc Voc (V)  f (%) n(%) Dye loading
mM (mA/cm?) mol/cm?

PSQ3/0.1 0 10.30 0.565 63.8 371 2.09x1077
PSQ3/0.1 0.1 14.55 0.607 68.1 6.01 1.29x10”
PSQ3/0.1 0.2 16.25 0.598 69.2 6.72 1.39x10”
PSQ3/0.1 0.3 17.11 0.600 70.2 7.21 1.26x107
PSQ3/0.1 0.4 14.47 0.604 71.1 6.21 1.21x107
PSQ3/0.1 1 13.68 0.597 71.5 5.84 0.77x107
PSQ4/0.1 0 9.83 0.545 64.6 3.46 1.6x107

PSQ4/0.1 0.1 10.82 0.567 69.9 4.29 0.86x107
PSQ4/0.1 0.2 13.94 0.567 71.1 5.62 0.89x10”
PSQ4/0.1 0.3 14.28 0.577 70.4 5.80 0.91x10”
PSQ4/0.1 0.4 15.21 0.587 71.3 6.36 0.72x107
PSQ4/0.1 1 13.84 0.586 70.7 5.73 0.56x10”
PSQ5/0.1 0 14.28 0.590 66.1 5.57 1.45%107
PSQ5/0.1 0.1 19.73 0.630 65.6 8.15 1.17x107
PSQ5/0.1 0.2 19.47 0.621 66.7 8.06 1.22x107
PSQ5/0.1 0.3 17.45 0.606 70.1 7.41 1.13x107
PSQ5/0.1 0.4 15.57 0.617 69.5 6.68 1.09x107
PSQ5/0.1 1 12.51 0.602 69.5 5.23 0.82x10”

2.2.7 Electrochemical Impedance Analysis
The dye cell performance can be correlated with electron injection and collection efficiency,
electron transport resistance and interfacial charge transfer processes. In this report, the influence

of dye structure on PCE was explained using interfacial charge transfer process.®®"° Difference
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in the Jsc and Vo of top indoline in-plane and out-of-plane alkylated PSQ1 and PSQ3 versus
bottom indoline alkylated PSQ2 and PSQ4 showed a unique effect of position of alkyl groups on
D-A-D-z-A z-framework. Apart from that, the smaller dihedral angle (0) of thiophene z-spacers
sharing with D-A-D unit can increase the injection efficiency (7in)) of PSQ3-5 and these dyes
may possess different way of orientation on TiO2. To get insight into the contribution of z-
spacers and position of in-plane/out-of-plane alkyl groups to PCE, the electron transfer reactions
at the interfaces were examined. Particularly, the recombination reaction between TiO> electrons
and electrolyte at dye cell’s heterogeneous interfaces has been studied using impedance analysis
to clarify the I-V characteristics of PSQ series. The Nyquist plot of best PSQ devices, Figure
2.16a shows the current response to the application of an ac voltage as a function of the
frequency, all measurements carried out in the dark. The radius of intermediate frequency region
reveals TiO2-Dye/Electrolyte interface charge recombination resistance (Rc). Generally the
uncertainty of dye cell’s Vo originates from a shift of the TiO electron quasi-Fermi-level (Er,n)
and the position of Fermi level of electrolyte (Erredox), EQq 2.1.”%72 For this study electrolytes
used in PSQ1-5 were same, so the contribution from the movement of Er redox is negligible. The
Eq 2.2 shows the parameters effecting Er,, where kg is the Boltzmann constant, T is the absolute
temperature (293 K), nc is the free electron density, and N¢ represents the density of accessible
states in the conduction band.* Thus either conduction band edge shift or change in chemical
capacitance of TiO: infers the cell potential. (Table 2.6)
Voc = E(Fredox) - EFn) (2.1)

EFn =Ece+ ks T In(ne/N¢) (2.2)

Among the five PSQ dyes, PSQ5 showed large radius for mid frequency region at -0.5V
applied bias in Figure 2.16 and showed the high R of PSQ5 vs applied potentials. The high
impedance at the TiO.-dye/Electrolyte interface indicates the minimum recombination reactions
and which is mainly due to the passivation of TiO2 by closely packed dye monolayer.
Recombination resistance for upper-branched PSQ dyes was higher than their isomers, and after
increasing the chain length of out-of-plane branching form CgCio (PSQ3) to C10Ci2 (PSQ5) the
Ret value also increased. For applied bias of -0.5 V, Re of PSQs were in the order of PSQ5
(32.86 Q)>PSQ3 (25.67 ©Q)> PSQ1 (20.24 Q)>PSQ4 (16.75 Q)>PSQ2 (15.66 Q). For PSQ5,

this result was ascribed to the high impedance of injected electrons present in the conduction
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band of TiO> against oxidizing agents in the electrolyte under dark condition. The similar trend
of Ret was observed in Ve of PSQs as PSQ5>(630 mV), PSQ3 (600 mV), >PSQ4 (587 mV).
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Figure 2.16 Impedance analysis of PSQ dyes: (a) Nyquist plot (inset shows the equivalent
circuit), (b) log Ret vs applied potential, (c) log C, vs applied potential and (d) log z vs applied
potential for best efficiency devices (PSQ1: CDCA 1:3, PSQ2: CDCA 1:4, PSQ3: CDCA 1:3,
PSQ4: CDCA 1:4, PSQ5: CDCA 1:1).

Therefore the observed high Rt of PSQ5 indicates the better passivation of surface from
redox couple than other PSQs, which reduces the recombination reactions and increases the PCE.
Capacitance (C,) of the sensitized TiO> film closely related to the Voc of the DSSC as shown in
eq 2.2, shift in the conduction-band-edge or the number free electrons in the density states
governs the potential of PSQ dye cell. Figure 2.16¢ explains the observed increase in the Vo of
PSQ5 and the difference in PSQ isomers as the capacitance of PSQ1 and PSQ3 were higher than
the PSQ2 and PSQ4. Long electron lifetime (7 =R¢ x C,) of PSQ1 and PSQ3 than their isomers,

as shown in Figure 2.16d, elucidated the improvement in their Jsc and Voc values. Better
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orientation of top-alkylated PSQ dyes, via transferring a dynamic aggregation to more organized
static aggregation on surface, passivated the charge in conduction band from triiodide present at
the interface of thiophene substituted PSQ3 and PSQ5 exhibited improved the current and
voltage.

Table 2.63 EIS parameters of PSQ dye cells at -0.5 V applied potential in dark

DSSC Rs (ohm) Rct (ohm) Cu (MF) 7(Ms)

PSQ1/CDCA 21.01 20.24 0.49 9.92
(1:3)

PSQ2/CDCA 20.78 15.66 0.43 6.73
(1:4)

PSQ3/CDCA 19.89 25.67 0.51 13.09
(1:3)

PSQ4/CDCA 20.90 16.75 0.47 7.87
(1:4)

PSQ5/CDCA 20.05 32.86 0.56 18.41
(1:1)

2.3 Summary

In summary, a systematic study was carried out to understand the role of z-spacers and position
of alkyl functionalities in D-A-D-z-A unsymmetrical squaraine dye for device cell. Furthermore,
squaraines possess well known aggregated induced spectral features and their controlled
aggregated nature on TiO> surface was not well explored by utilizing the formation of dynamic
aggregation in solution for DSSC. Selective alkyl functionalisation of indoline units in D-A-D
part of the sensitizer becomes one of the crucial part in the nature of self-assembled monolayers
on TiO; surface. These transient aggregates in solution would be controlled the mode of dye
anchoring and showed more impact on PCE. The contribution of four positional isomers were
examined to elucidate the significance in position of in-plane out-of-plane branching, in which
their photovoltaic properties enhanced in case these positional units are far away from the dye
anchoring TiO. surface. Thiophene-based PSQ3 showed PCE of 7.21% which was
comparatively high Jsc than phenyl counterpart. Even though the amount of each dyes (PSQL1 to
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PSQ4) adsorbed on TiO- surface were almost same, the difference in Jsc and Vo further highlight
our hypothesis. PSQ5 showed a significant improvement in Jsc and Vo after extending the length
of out-of-plane of PSQ3 in absence of optically transparent co-adsorbent. Furthermore, a DSSC
sensitized with PSQ5 showed PCE of 8.15% with a corresponding Jsc and Voc of 19.73 mA cm™?
and 630 mV, respectively. Orientation and dye loading on TiO: surface is effectively depending
on the sensitizer’s structure as well as extend of aggregation in solution. This is the first report
whereas mimicking the molecular structure of loosely bound aggregates in solution on

nanoscopic surface of a dye cell.

2.4 Experimental Section

2.4.1 Materials and Characterization For dye synthesis and DSSC fabrication, all reagents and
solvents purchased from commercial sources were used without further purification unless
otherwise noted. Tetrahydrofuran and toluene were dried by standard procedure prior to use.
Required precursors 2a, 3a, 3b, 4a, 5a, 5b and 6a were synthesized according to the reported
literature procedure.** %8 All oxygen- and moisture-sensitive reactions were performed under
nitrogen atmosphere. *H NMR spectra were recorded on a 200 MHz or 400 MHz or 500 MHz
spectrometers, using CDCls. All chemical shifts were reported in parts per million (ppm). ' H
NMR chemical shifts were referenced to TMS (0 ppm). *C NMR chemical shifts were
referenced to CDCls (77.23 ppm, and recorded on either 100 MHz or 125 MHz NMR
spectrometer). HRMS and MALDI-TOF-MS were recorded on SYNAPT G2 HDM spectrometer
and ABSciex 5800 MALDI TOF mass spectrometer, respectively. UV-vis absorption spectra
were recorded on Analytikjena (SPECORD 210 PLUS) spectrophotometer. A three electrode cell
was used for cyclic voltammetric (CV) analysis was performed on BioLogic SP300 potentiostat.
Platinum wire used as a working electrode, a thin platinum foil was used as a counter electrode,
and dyes were dissolved in dry dichloromethane. Measurements were carried out at the scan rate
of 50 mV s? after addition of 0.1 M of tetra butyl ammonium perchlorate (TBAP) as the
supporting electrolyte and non-aqueous Ag/Ag* (0.01M in CH3CN) used as reference electrode.
The reference electrode was calibrated by recording the cyclic voltammograms of ferrocene in
the same electrolyte as external standard; the potential values are on the basis of the estimated
value of the ferrocene redox potential in dichloromethane 0.7 V versus NHE.% EIS analysis was

performed under dark condition by applying external bias to dye cells using a BioLogic SP300
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potentiostat equipped with frequency response analyzer. Frequency range was fixed from 1 MHz
to 10 mHz with AC amplitude of 10 mV. |-V characteristics of the dye cells were measured
under a solar simulator (PET, CT200AAA) in clean room conditions, which is controlled by a
source measurement unit (Keithley 2420). A certified 4 cm? silicon solar cell (NREL) was
calibrated to an intensity of 1000 W m2 (xenon lamp, 450 W, USHIO INC) of a solar simulator
(AM1.5 G light). IPCE spectra measurements were conducted by Newport QE measurement kit
including a xenon light source, a monochromator, and a power meter. The set-up was calibrated
using a reference silicon solar cell before the device measurement.

2.4.2 Device Fabrication Procedure For fabricating photoanode of DSSC, FTO (F-doped SnO-
glass; 6-8 Q/sq) was cleaned sequentially by mucasol (2% in water), deionized water, and
isopropanol using an ultra-sonication for 15 min. A blocking layer of TiO2 was prepared by
dipping cleaned FTO substrate in freshly prepared aqueous 0.05 M TiCl4 solution at 70 °C for 30
min, and washed immediately with deionized water, and followed by annealing in air at 125 °C
for 10 min. And the mesoscopic transparent thin layer (6-8 um thickness) of TiO2 onto buffer
layer modified FTO was coated using TiO2 paste (< 20 nm, Ti-Nanoxide T/SP) by the doctor-
blade technique. Then kept in air for 5 min and annealed at 125 °C in air for 15 min before
coating scattering layer on it. Dyesol, WER2-O paste was used to coat a 4-6 um thick TiO; layer,
kept in air for 5 min and annealed at 125 °C in air for 15 min. Resulting 0.22 cm? active area
films were sintered at 325 °C for 5 min, 375 °C for 5 min, 450 °C for 15 min and 500 °C for 15
min with heating rate of 5 °C per min in air. After reaching the furnace temperature at 50 °C,
sintered films were treated in TiCls solution as described before. After sintering the layer-by-
layer deposited film again at 500 °C for 30 min, allowed to reach 50 °C and were immediately
immersed in 0.1 mM PSQ1-5 dye solution in chloroform at room temperature for 12 h. The dye
loaded electrodes are washed thoroughly with chloroform, to remove physisorbed molecules.
Successive addition of co-adsorbent 3a.,7a-dihydroxy-5p-cholanic acid (CDCA) was varied the
concentration of de-aggregating agent in the dye solution and studied the device performance at
1, 2, 3, 4 and 10 equiv of CDCA. Finally the dye cell was assembled by joining the electrolyte
(lodolyte z50) filled photoanode and platinum cathode using a 25 um thick spacer. Photovoltaic

parameteters have been evaluated without masking the device.
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2.4.3 Relative method Procedure Fluorescence quantum yields were measured by the relative
method* using optically matched dilute solutions. 4, 4'-[Bis-(N, N-dimethylamino) phenyl]-
squaraine dye (DM-SQ) was used as the standard. The quantum vyields of fluorescence were
calculated using the eq 2.3,

Dy=(AsFun? AFN)XDs. ..o (2.3)

where As and Ay are the absorbance of the standard (DM-SQ) and unknown (SQ) dye,
respectively; Fs and Fy are the integrated areas of fluorescence peaks of the DM-SQ and SQ dye,
respectively; and ns and ny are the refractive indices of the solvents in which standard and
unknown compounds were dissolved, respectively. ®s and @, are the fluorescence quantum

yields of the standard (DM-SQ) and unknown (SQ) dye, respectively.

To synthesise of 4,4'-[Bis-(N,N-dimethylamino) phenyl]-squaraine (DM-SQ), 3,4-
dihydroxycyclobut-3-ene-1,2-dione (250 mg, 2.2 mmol) and N,N-dimethylaniline (532 mg, 4.4
mmol) were dissolved in a mixture of n-Butanol: benzene (7.5: 3 mL) and refluxed in Dean-
Stark apparatus for 12 h in presence of N. gas. After cooling at room temperature the blue
coloured compound was precipitated and the solvent was decanted. The precipitate was washed

four times with a mixture of dichloromethane (4 mL) and hexane (1 mL).

2.4.4 Synthetic Procedures and Characterization Data

2-Decyltetradecanal (A): 2-Decyl-1-tetradecanol (4.4 g, 12.5 mmol) was taken in a 100 mL
round bottomed flask, pyridiniumchlorochromate (8.1 g, 37.6 mmol) was added to it and the
mixture was dissolved in anhydrous CH2Cl> (120 mL). The reaction mixture was stirred at room
temperature for 3 h and filtered through a short pad of silica gel to provide the required aldehyde
as a colourless liquid. Yield: 4.1 g, 94%.'"H NMR (500 MHz, CDCl3) &: 9.55 (d, J = 3.2 Hz, 1H),
2.40-2.29 (m, 1H), 1.62-1.56 (m, 2H), 1.47-1.43 (m, 2H), 1.25 (br. s, 36 H), 0.89-0.87 (m, 6H);
3-Decylpentadecan-2-ol (B): 2-Decyltetradecanal (4.4 g, 12.5 mmol) was dissolved in dry THF
(20 mL) at 0 °C, and then MeMgl (3.3 mL, 25.1 mmol) was slowly added. The mixture was
stirred at 0 °C for half h, and then it was allowed to stir for 2 h at room temperature, then
quenched by adding saturated aqueous solution of ammonium chloride, extracted with ethyl

acetate and dried over Na>;SOa. The organic layer was concentrated under reduced pressure to
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afford as a colourless liquid. Yield: 4.5 g, 97%. This product was used further reaction without

purification.

3-Decylpentadecan-2-one (C): 3-Decylpentadecan-2-ol (4.3 g, 11.8 mmol) was taken in a 100
mL round bottomed flask, pyridiniumchlorochromate (5.1 g, 23.6 mmol) was added to it and the
mixture was dissolved in anhydrous CH>Cl, (120 mL). The reaction mixture was stirred at room
temperature for 3 h and filtered through a short pad of silica gel to provide the required ketone as
a colourless liquid. 2.4 g, Yield: 55%. *H NMR (500 MHz, CDCls) &: 2.48 - 2.28 (m, 1 H), 2.10
(s, 3 H), 1.65 - 1.48 (m, 2 H), 1.44 - 1.34 (m, 2 H), 1.33 - 1.11 (m, 36 H), 0.87 (t, J = 7.1 Hz, 6
H); $3C NMR (126 MHz, CDCls) &: 213.2, 53.4, 31.9, 31.7, 29.7, 29.6, 29.6, 29.5, 29.3, 28.6,
27.4,22.7, 14.1; MALDI-TOF (m/z): [M+Na]" calcd for C2sHs00: 389.3762; found: 389.3605.

General procedure for the synthesis of 5-bromo-2-methyl-3,3-dialkyl-3H-indole (2b) and 2-
methyl-3,3-dialkyl-3H-indole (2c¢):

4-Bromo Phenyl hydrazine hydrochloride or phenyl hydrazine hydrochloride (1 equiv.),
corresponding 3-alkyl-2-alkanone (2 equiv.) were dissolved in acetic acid (50mL) in a 100 mL
round bottom flask. The reaction mixture was heated to reflux for 16 h under nitrogen
atmosphere. The reaction mixture was cooled and then solvent was removed under reduced
pressure and purified by column chromatography (100-200 mesh SiO., EtOAc: Pet.ether, 2:98) to

provide the required compound as a viscous liquid.

5-Bromo-3-decyl-2-methyl-3-octyl-3H-indole (2b): Started with 0.4 g (1.8 mmol) of (4-
bromophenyl)hydrazine hydrochloride, product obtained: 0.64 g, Yield: 78%;*H NMR (400MHz
, CDCl3) &: 7.42 (dd, J = 8.2 Hz, J = 2.0 Hz, 1 H), 7.37 (d, J = 8.2 Hz, 1 H), 7.2 (d, J = 2.0 Hz, 1
H), 2.18 (s, 3 H), 1.91 - 1.61 (m, 4 H), 1.33 - 1.03 (m, 24 H), 0.85 (g, J = 7.2 Hz, 6 H), 0.75 -
0.62 (m, 2 H), 0.62 - 0.47 (m, 2 H); *C NMR (100 MHz, CDCls) &: 187.2, 154.1, 144.7, 130.6,
124.9, 120.9, 118.9, 63.3, 36.9, 31.9, 31.8, 31.7, 30.3, 30.2, 29.7, 29.6, 29.5, 29.3, 29.2, 29.2,
29.1, 23.7, 23.5, 22.6, 22.6, 16.1, 14.1, 14.1; MALDI-TOF (m/z): [M]*calcd for Co7HasBrN:
462.2736; found: 462.1292.

3-Decyl-3-dodecyl-2-methyl-3H-indole  (2c): Started with 0.65 g (4.5 mmol) of
phenylhydrazine hydrochloride, product obtained: 1.2 g, Yield: 65%; *H NMR (500 MHz,
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CDCls) &: 7.50 (d, J = 7.6 Hz, 1 H), 7.29 (td, J = 4.1, 8.1 Hz, 1 H), 7.18 (d, J = 4.2 Hz, 2 H), 2.20
(s, 3 H), 1.92 - 1.78 (m, 2 H), 1.78 - 1.64 (m, 2 H), 1.30 - 1.06 (m, 32 H), 0.97 - 0.81 (m, 6 H),
0.78 - 0.64 (m, 2 H), 0.62 - 0.43 (m, 2 H); *C NMR (126 MHz, CDCls) &: 186.5, 155.3, 142.3,
127.4, 124.8, 121.6, 119.6, 62.6, 37.0, 31.9, 31.8, 29.8, 29.6, 29.5, 29.5, 29.3, 29.2, 29.2, 23.5,
22.7,22.6, 16.1, 14.1; MALDI-TOF (m/z): [M]*calcd for Ca1HssN: 439.4178; found: 439.4259.

General procedure for Synthesis of 5-bromo-1,2,3,3-tetraalkyl-3H-indol-1-ium iodide (4b)
and l-alkyl-2-methyl-3,3-dialkyl-3H-indol-1-ium iodide (4c):

Alkyl iodide (2 equiv.) and indole derivative (1 equiv.) were dissolved in MeCN (30 mL) in a 100
mL round bottom flask and refluxed for 16 h under inert atmosphere for 24 h. The reaction
mixture was cooled to room temperature; the solvent was removed under reduced pressure. The
precipitate was washed with diethyl ether (4x 5 mL) to afford the required compound and 90%

petroleum ether to afford the required compound.

5-Bromo-3-decyl-1-hexyl-2-methyl-3-octyl-3H-indol-1-ium iodide (4b): Started with 0.4 g
(0.86 mmol) of 5-bromo-3-decyl-2-methyl-3-octyl-3H-indole , product obtained: 0.26 g, Yield:
50%; *H NMR (500 MHz, CDCls) &: 7.84 (d, J=8.8 Hz, 1 H), 7.76 (dd, J = 8.0 Hz, J =2.0 Hz, 1
H), 7.64 (d, J = 2.0 Hz, , 1 H), 4.83 (t= 7.5 Hz 2 H), 3.08 (s, 3 H), 2.19 - 1.99 (m, 4 H), 1.94 -
1.84 (m, 2 H), 1.84 - 1.67 (m, 1 H), 1.54 - 1.39 (m, 2 H), 1.31 - 1.07 (m, 30H), 0.90 - 0.70 (m, 11
H), 0.69 - 0.53 (m, 2 H); *3C NMR (100 MHz, CDCls) §&: 195.7, 141.1, 140.7, 133.0, 126.7,
124.6, 117.4, 63.8,50.7, 37.1, 33.4, 31.7, 31.5, 31.2, 30.6, 30.0, 29.3, 29.1, 28.9, 28.9, 28.8, 28.5,
26.4, 24.0, 22.5, 22.4, 22.3, 22.2, 17.4, 13.9, 13.9, 13.8,; MALDI-TOF (m/z): [M]"calcd for
Ca3Hs7BrN™: 546.3669; found: 546.2598.

3-Decyl-1,3-didodecyl-2-methyl-3H-indol-1-ium iodide (4c): Started with 0.73 g (1.6 mmol)
of 3-decyl-3-dodecyl-2-methyl-3H-indole,product obtained: 0.54 g, Yield: 44%; *H NMR (500
MHz, CDCls) &: 7.76 (d, J = 6.5 Hz, 1 H), 7.67 - 7.56 (m, 2 H), 7.51 (d, J = 6.5 Hz, 1 H), 4.80
(t, 2 H), 3.08 (s, 3H), 2.22 - 2.02 (m, 4 H), 1.97 - 1.78 (m, 4 H), 1.52 - 1.40 (m, 3 H), 1.40 - 1.10
(m, 45 H), 0.90 - 0.70 (m, 11 H), 0.65 - 0.50 (m, 2 H); *C NMR (126 MHz, CDCls) &: 195.5,
142.1, 138.7, 130.1, 129.7, 123.6, 115.4, 77.3, 76.7, 63.7, 50.3, 37.3, 33.4, 31.7, 31.7, 30.3, 29.8,
29.4, 29.4, 29.3, 29.3, 29.2, 29.1, 29.0, 28.9, 285, 28.4, 26.8, 23.9, 22.5, 17.1, 13.9; MALDI-
TOF (m/z): [M]"cald for C43H7sN*: 608.6129; found: 608.5602.
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General procedure for Synthesis of 3-Butoxy-4-[(1-methyl-1,3-dihydro-3,3-dimethyl-2H-
indol-2-ylidene)methyl]-3-cyclobutene-1,2-dione (6a) and 3-Butoxy-4-[5-bromo-((1-methyl-
1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene)methyl)]-3-cyclobutene-1,2-dione (6b):

5-bromo-1,2,3,3-tetraalkyl-3H-indol-1-ium iodide (1 equiv.) and 3, 4-dibutoxycyclobut-3-ene-
1,2-dione (1 equiv) were dissolved in 1-butanol in a 50 mL two necked round bottom flask and
triethylamine (1.2 equiv) was added into the reaction mixture. The reaction mixture was heated at
70°C for 1 h under nitrogen atmosphere. The reaction mixture cooled to room temperature, and
the solvents were removed under reduced pressure. The reaction mixture was purified by column
chromatography (SiO2, 100-200 mesh10% ethyl acetate and 90% petroleum ether to afford the

required compound as a yellow solid.

3-Butoxy-4-[5-bromo-((1-methyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene)methyl)]-3-
cyclobutene-1,2-dione (6b): Started with 0.5 g (1.3 mmol) of 5-Bromo-3-decyl-1-hexyl-2-
methyl-3-octyl-3H-indol-1-ium iodide, product obtained: 0.26 g, Yield: 50%. 'H NMR (400
MHz ,CDCl3) &: 7.41 - 7.33 (m, 2 H), 6.74 (d, J = 8.5 Hz, 1 H), 4.84 (t, J = 6.7 Hz, 2 H), 3.33 (s,
3 H), 1.90 - 1.78 (m, 2 H), 1.60 (s, 6 H), 1.54 - 1.44 (m, 2 H), 0.99 (t, J = 7.3 Hz, 3 H); 3C NMR
(100 MHz, CDCl) 6: 192.3, 188.3, 188.1, 173.3, 167.9, 142.7, 142.2, 130.6, 125.3, 115.4, 115.0,
109.3, 82.0, , 73.9, 47.7, 32.1, 30.0, 29.6, 26.9, 18.6, 13.6 ; MALDI-TOF (m/z): [M]*calcd for
Ca20H22BrNO3: 403.0783; found: 403.9487.

General procedure for Synthesis of Unsymmetrical Bromo Squaraine Precursor (7 a, 7 b
and 7c):

1,2,3,3-Tetralkyl-3H-indol-1-ium iodide (1 equiv.) 4a-c and semisquaraine derivatives, 6a-b (1
eqiuv.) were dissolved in 1-butanol and dry toluene (1:1, 3 mL each) in a 50 mL two necked
round bottom flask, dry pyridine (1.5 equiv.) was added to it and charged with Dean-Stark
apparatus. The reaction mixture was refluxed for 24 h under inert atmosphere. The reaction
mixture was cooled to room temperature and the solvents were removed under reduced pressure.
The reaction mixture was subjected to column chromatography (SiO2, 100-200 mesh, 5% MeOH
and 95% CH2Cl») to afford the required dye as blue colored compound.

5-Bromo-2-[[3-[(1,3-dihydro-3-decyl-1-hexyl-3-octyl-2H-indol-2-ylidene)methyl]-4-oxo-2-
cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (7a):
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Started with 1.1 g (2.7 mmol) of 6b, product obtained: 1.9 g, Yield: 90%. *H NMR (400 MHz ,
CDCl3) 6: 7.43 - 7.36 (m, 2 H), 7.34 - 7.30 (m, 2 H), 7.28 (m, 1 H), 7.02 (d, J = 8.0 Hz, 1 H),
6.82 (d, J=8.4 Hz, 1 H), 6.10 (br s, 1 H), 5.89 (s, 1 H), 4.03 (br s, 2 H), 3.47 (s, 3 H), 3.03 (br s,
2 H), 1.93 (m, 2 H), 1.8 (s., 6 H), 1.6 - 1 (m, 32 H), 1 — 0.6 (m, 11 H), 0.47 (m, 2 H); **C NMR
(100 MHz , CDCls) &: 181.6, 177.6, 169.8, 168.2, 144.0, 143.9, 142.2, 139.2, 130.5, 127.7,
127.1,125.5, 124.1, 122.3, 122.0, 117.8, 115.7, 109.8, 109.3, 104.4, 87.8, 86.9, 59.0, 48.7, 43.9,
39.9, 31.8, 31.7, 31.6, 31.5, 30.3, 29.9, 29.6, 29.5, 29.5, 29.4, 29.3, 29.2, 29.1, 29.0, 27.3, 27.2,
26.9, 26.8, 26.0, 24.0, 24.0, 23.9, 22.5, 22,5, 14.0, 13.9; MALDI-TOF (m/z):[M]'cald for
Ca9He9BrN202: 796.4542; found: 796.3585.

5-Bromo-2-[[3-[(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)methyl]-4-oxo-2-
cyclobuten-2-olate-1-ylidene]methyl]-3-decyl-1-hexyl-3-octyl-3H-indolium (7b):

Started with 0.16 g (0.59 mmol) of 6a , product obtained: 0.39 g, Yield: 82 %; *H NMR (500
MHz, CDCl) &: 7.42 (dd, J = 8.2, 1.7 Hz, 1 H), 7.39 - 7.29 (m, 3 H), 7.16 (t, J = 7.4 Hz, 1 H),
7.02 (d, J = 8.0 Hz, 1 H), 6.82 (d, J = 8.4 Hz, 1 H), 6.04 (s, 1 H), 5.96 (br. s., 1 H), 3.94 (t, J =
7.6 Hz, 2 H), 3.56 (br s, 3 H), 3.17 - 2.93 (m, 2 H), 2.02 - 1.87 (m, 2 H), 1.87 - 1.63 (m, 6 H),
1.49 - 1.37 (m, 2 H), 1.37 - 1.28 (m, 4 H), 1.27 - 1.03 (m, 26 H), 0.94 - 0.71 (m, 11 H), 0.60 -
0.40 (m, 2 H); **C NMR (126 MHz ,CDCls) §: 182.3, 180.1, 179.5, 170.8, 167.0, 143.4, 141.1,
130.5, 127.7, 125.4, 123.8, 122.1, 116.3, 110.0, 109.1, 87.6, 86.9, 58.5, 49.2, 43.7, 40.0, 40.0,
40.0, 31.7, 31.7, 31.4, 29.5, 29.4, 29.3, 29.1, 29.1, 29.0, 27.1, 27.0, 26.9, 26.8, 24.0, 23.9, 22.5,
22.5, 22.4, 14.0, 13.9, 13.8; MALDI-TOF (m/z): [M]*cald for CagHesBrN2O2: 796.4542; found:
796.3453.

5-Bromo-2-[[3-[(1,3-dihydro-1,3-didodecyl-3-decyl-2H-indol-2-ylidene)methyl]-4-oxo-2-
cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium (7¢):

Started with 0.3 g (0.74 mmol) of 6b, product obtained: 0.59 g, Yield: 85 %. *H NMR (400 MHz,
CDCly) &: 7.42 - 7.38 (m, 2 H), 7.36 - 7.3 (m, 2 H), 7.24 - 7.15 (m, 1 H), 7.02 (d, J=8 Hz,1 H),
6.81 (d, J=8.4 Hz,1 H), 6.11 (br s, 1 H), 5.90 (s, 1 H), 4.03 (br s, 2 H), 3.46 (br s, 3 H), 3.03 (br s,
2 H),2.09-1.9 (m, 2 H), 1.81 (br s, 8 H), 1.50 -1.04 (m, 52 H), 0.93 - 0.68 (m, 11 H), 0.56 - 0.44
(m, 2 H); °C NMR (100 MHz ,CDCls) &: 181.5, 177.5, 169.7, 168.1, 144.0, 143.9, 143.8, 142.1,
139.1, 130.4, 127.6, , 125.4, 124.1, 122.2, 115.7, 109.8, 109.3, 87.8, 86.9, 58.9, 48.6, 43.8, 39.9,
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32.0, 31.8, 30.2, 29.9, 29.5, 29.4, 29.2, 29.18, 29.12, 27.3, 27.1, 23.9, 22.6, 22.4, 14.0; MALDI-
TOF (m/z): [M]"cald for C49HeeBrN2O2: 936.6107; found: 936.313.

General procedure for synthesis of aldehyde derivative of unsymmetrical SQ compounds
(8a, 8b, 10a, 10band 10c): Bromofunctionalized unsymmetrical squaraine precursors, 7a-c (1
equiv.) was dissolved in 1:1 ratio of toluene and methanol (total volume 5 mL) in 50 mL
microwave reactor vessel and 4-formylphenylboronic acid or 5-formylthiopheneboronic acid (2
equiv.) and K>COz3 (5 equiv.) were added to it under N2 atmosphere. The solution was purged with
nitrogen for 20 min and then PdCIx(dppf) (0.1 equiv.) was added and the reaction was carried out
under microwave condition at 60 W, 70 °C for 15 min. The reaction mixture cooled to room
temperature, and the solvents were removed under reduced pressure. The reaction mixture was
purified by column chromatography (SiO,, 100-200 mesh 5% methanol and 95%
dichloromethane to afford the required compound.

5-(4-Formyl-phen-1-yl)-2-[[3-[(1,3-dihydro-3-decyl-1-hexyl-3-octyl-2H-indol-2-
ylidene)methyl]-4-oxo-2-cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium
(8a): Started with 0.1 g (0.12 mmol) of 7a, product obtained: 87 mg, Yield: 85 %. *H NMR (400
MHz, CDCls) 6: 10.06 (s, 1 H), 7.96 (d, J =8 Hz, 2 H), 7.77 (m, 2 H), 7.60 (m, 2 H), 7.32 (m,
2 H), 7.20 (d, J=7.2Hz, 1 H), 7.05 (m, 2 H), 6.12 (br. s., 1 H), 5.96 (s, 1 H), 4.04 (br, s 2 H),
3.54 (s, 3 H), 3.04 (br.s., 2 H), 1.88 (s, 6 H), 1.80 (m, 2 H),1.5-1.0 (m, 30 H), 1.0-0.8 (m, 11 H),
0.48 (m, 2 H); $3C NMR (100 MHz, CDCls) &: 191.7, 181.3, 177.4, 169.8, 168.7, 146.7, 144.0,
143.6, 142.8, 134.8,134.6, 130.3, 127.7, 127.2, 127.1, 124.1, 122.3, 121.0, 109.4, 109.0, 87.8,
87.2, 58.9, 48.7, 43.9, 40.0, 39.9, 31.8, 31.7, 31.6, 31.4, 30.3, 30.2, 29.6, 29.5, 29.5, 29.4, 29.3,
29.3,29.2, 29.1, 29.0, 27.3, 26.8, 24.0, 23.9, 22.5, 22.5, 14.0, 13.9; MALDI-TOF (m/z): [M]"cald
for CseH74N203: 822.5699; found: 822.4362.

5-(4-Formyl-phen-1-yl)-2-[[3-[(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)methyl]-4-

oxo-2-cyclobuten-2-olate-1-ylidene]methyl]-3-decyl-1-hexyl-3-octyl-3H-indolium (8b):
Started with 0.1 g (0.12 mmol) of 7b, product obtained: 83 mg, Yield: 83%. *H NMR (500 MHz,
CDCls) &: 10.06 (s, 1 H), 7.97 (d, J = 8.5Hz, 2 H), 7.82 (d, J = 8.0 Hz, , 2H), 7.63 (d, J = 10 Hz,
1H),755(,1H),737(d,J=7Hz,1H),7.33(m,1H),7.28(m, 1H), 7.17(d,J=75Hz,1
H) 7.02(d, J=75Hz,1H),6.11 (s, L H),5.97 (br.s., 1 H),), 4.01 (t,J=75Hz,2H), 3.57
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br,s, 3H),3.07(dt,J=8Hz,J=25Hz 2H),2.03(m, 2H), 1.80 (br,s,8H), 1.5-1.06 (m,
30 H), 0.89 - 0.80 (m, 11 H), 0.75 (m, 2 H); 3C NMR (100 MHz, CDCls) &: 191.7, 182.4, 179.6,
179.0, 170.9, 167.7, 146.6, 144.8, 139.9, 134.9, 132.2, 130.3, 128.6, 127.3, 127.1, 123.8, 122.2,
120.9, 116.3, 109.2, 88.0, 86.9, 58.5, 49.2, 43.8, 40.1, 31.8, 31.7, 31.5, 29.6, 29.5, 29.5, 29.4,
29.3, 29.2, 29.1, 29.0, 28.8, 27.2, 27.0, 26.8, 24.0, 24.0, 22.6, 22.5, 22.5, 14.0, 13.9; MALDI-
TOF (m/z): [M]*cald for CssH7aN203:822.5699; found: 822.4290.

5-(5-Formyl-thiophen-2-yl)-2-[[3-[(1,3-dihydro-3-decyl-1-hexyl-3-octyl-2H-indol-2-
ylidene)methyl]-4-oxo-2-cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium
(10a): Started with 0.1 g (0.12 mmol) of 7a, product obtained: 89 mg, Yield: 86%. 'H NMR
(500 MHz, CDCls) &: 9.87 (s, 1 H), 7.73 (d, J = 4 Hz, 1 H), 7.62 - 7.60 (dd, J =8 Hz, 25 Hz 1 H
), 7.34-7.28 (m, 2 H), 7.2 (m, 1 H), 7.02 (d, J = 8 Hz,1 H), 6.96 (d, J = 8.5 Hz,1 H), 6.11 (br.,s, 1
H), 5.93 (br.,s, 1 H), 4.03 (br.,s, 2 H), 3.49 (br.,s, 3 H), 3.49 (s, 3 H), 3.01 (br.,s, 2 H), 2.0 (m, 2
H), 1.84 (m, 8 H), 1.4 - 1.03 (m, 30 H),) 0.82 - 0.72 (m, 11 H), 0.45 - 0.43 (m, 2 H); 3C NMR
(100 MHz, CDCls) 5: 182.5, 181.9,176.9, 170.4, 168.1, 154.3, 144.3, 144.0, 142.9, 141.7, 137.6,
128.0, 127.8, 126.5, 124.8, 124.4, 123.3, 122.4, 120.1, 109.6, 109.0, 88.1, 87.6, 59.1, 48.5, 44.1,
39.9, 31.9, 31.8, 31.7, 31.6, 31.5, 30.4, 30.3, 29.6, 29.5, 29.52, 29.47, 29.38, 29.3, 29.2, 29.1,
29.0, 27.34, 27.3, 26.8, 24.0, 23.9, 22.6, 22.5, 22.5, 14.0, 13.9; MALDI-TOF (m/z): [M+1]" cald
for Cs4H72N203S:829.5343; found: 829.4586.

5-(5-Formyl-thiophen-2-yl)-2-[[3-[(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)methyl]-
4-ox0-2-cyclobuten-2-olate-1-ylidene]methyl]-3-decyl-1-hexyl-3-octyl-3H-indolium  (10b):
Started with 0.1 g (0.12 mmol) of 7b, product obtained: 88 mg, Yield: 85 %. 'H NMR (400
MHz, CDCls) 6: 9.87 (s, 1 H), 7.74 (d, J =4.4 Hz, 1 H), 7.63 (d, J = 8.4 Hz, 1 H), 7.53 (s, 1 H),
7.41(d, J=4.4Hz, 1 H),7.34(q, 2 H), 7.164 (t, 1 H), 7.02 (d, J =8 Hz, 1 H), 6.96 (d, J = 8.8
Hz, 1 H), 6.07 (br.s, 1 H), 5.97 (br. s., 1 H), 3.97 (t, 2 H), 3.58 (br. s., 3 H), 3.03 (t, 2 H), 1.96
(m, 2 H), 1.79 (br. s., 8 H), 1.43 - 1.04 (m, 30 H), 0.895 - 0.73 (m, 11H), 0.5 - 0.49 (m, 2 H); 13C
NMR (100 MHz, CDCL3) &: 182.5, 182.3, 180.8, 179.0, 171.4, 166.8, 154.3, 145.6, 142.8,
141.7, 140.1, 137.5, 128.2, 127.8, 126.5, 124.1, 123.4, 122.3, 119.9, 109.4, 109.2, 88.2, 87.1,
58.3, 49.4, 43.8, 40.1, 31.8, 31.7, 31.5, 30.2, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, , 29.0, 27.1, 26.9,
26.8, 24.1, 24.0, 226, 225, 14.0, 13.9; MALDI-TOF (m/z): [M+1]" cald for
Cs4H72N203S:829.5343; found: 829.4407.
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5-(5-Formyl-thiophen-2-yl)-2-[[3-[(1,3-dihydro-1,3-didodecyl-3-decyl-2H-indol-2-
ylidene)methyl]-4-oxo-2-cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-indolium
(10c): Started with 0.1 g (0.11 mmol) of 7c, product obtained: 87 mg, Yield: 85 %. *H NMR
(500 MHz, CDCls) &: 9.87 (s, 1 H), 7.7 (d, J = 4.2 Hz, 1 H), 7.59 (d, J = 8.5 Hz, 1 H), 7.56 (s, 1
H), 7.36 (d, J=4 Hz, 1 H), 7.3 (q, 2 H), 7.18 (t, 1 H), 7.0 (d, J = 8 Hz, 1 H), 6.95 (d, J = 8.5 Hz,
1 H), 6.09 (br.s., 1 H),5.91 (s, 1H),4.01 (br.s, 2 H), 3.47 (s, 3 H), 3 (br. s, 2 H), 2.0-1.948 (m,
2 H), 1.85 (m, 8 H), 1.43-1.01 (m, 52 H), 0.85 - 0.70 (m, 11 H), 0.47- 0.40 (m, 2 H); *C NMR
(126 MHz, CDCls) &: 182.4,177.1, 170.2, 167.9, 154.2, 144.2, 143.9, 142.8, 141.6, 139.2, 137.5,
131.9, 131.4, 131.3, 131.19, 128.2, 128.1, 128.0, 127.9, 127.7, 126.4, 124.3, 123.3, 122.3, 120.0,
109.5, 108.9, 88.0, 87.5, 69.6, 59.1, 48.4, 44.0, 43.0, 39.9, 31.8, 31.7, 30.3, 29.5, 29.4, 29.3, 29.2,
29.1, 27.3, 27.2, 27.1, 23.9, 22.6, 22.5, 22.5, 14.0, 13.9; MALDI-TOF (m/z): [M+Na]" cald for
CeaH92N2035:991.6729; found: 991.8636.

General procedure for synthesis of unsymmetrical SQ final compounds (PSQ1-PSQ5):

The aldehyde precursor (1 equiv.) was dissolved in dry CH3CN (5 mL) in a 50 mL single
necked round bottomed flask, cyano acetic acid (3 equiv.) was added and then finally piperidine
(2 equiv.) was added into it. The reaction mixture was allowed to reflux for 6 h. After the reaction
completion, the solvent was removed and work up with dil. acetic acid and then it was purified by

column chromatography.

5-[4-(2-carboxy-2-cyanovinyl)phen-1-yl]-2-[[3-[(1,3-dihydro-3-decyl-1-hexyl  -3-octyl-2H-
indol-2-ylidene)methyl]-4-oxo-2-cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-

indolium (PSQ 1): Started with 0.1 g (0.12 mmol) of 8a, product obtained: 64 mg, Yield: 60%.
'H NMR (400 MHz, CDCls) &: 8.34 (br. s., 1 H), 8.07 (br. s, 2 H), 7.7 (br. s., 2 H), 7.57 (br. s., 2
H), 7.31 (m, 2 H), 7.20 (t, J=7.6 Hz 1 H), 7.03 (m, 2 H), 6.13 (br. s., 1 H), 5.98 (br. s., 1 H), 4.09
(br.s., 2 H), 3.57 (br. s., 3H), 2.98 (br. s., 2 H), 2.01 (m, 2 H), 1.83 (m, 8 H), 1.43 (m, 2 H), 1.31
- 1.04 (m, 28 H), 0.86 — 0.76 (m, 11 H), 0.48 (m, 2 H); *C NMR (101 MHz, CDCls) &: 182.8,
177.0, 169.6, 169.1, 167.26, 152.6, 144.1, 143.2, 142.7, 139.2, 134.8, 131.2, 130.8, 129.5, 127.7,
127.3, 126.8, 124.0, 123.7, 123.3, 122.3, 120.6, 109.4, 87.8, 87.3, 77.3, 58.9, 48.7,44, 41.2, 39.9,
34.8, 31.9, 31.8, 31.7, 31.6, 31.5, 30.4, 30.2, 29.6, 29.5, 29.5, 29.5, 29.4, 29.3, 29.2, 29.1, 29.0,
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27.3, 27.2, 27.2, 26.8, 24.0, 22.6, 22.5, 22.5, 14.0, 13.9; MALDI-TOF (m/z): [M]" cald for
CsoH75N304: 889.5758; found: 889.4904.

5-[4-(2-carboxy-2-cyanovinyl)phen-1-yl]-2-[[3-[(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-
ylidene)methyl]-4-oxo-2-cyclobuten-2-olate-1-ylidene]methyl]-3-decyl-1-hexyl-3-octyl-3H-
indolium (PSQ2): Started with 0.1 g (0.12 mmol) of 8b, product obtained: 60 mg, Yield: 56%.
'H NMR (400 MHz, CDCls) 8: 8.36 (br. s., 1 H), 8.12 (d, J = 8.4 Hz, 2 H), 7.77 (d, J = 7.6 Hz, 2
H), 7.66-7.56 (m, 2 H), 7.50-6.90 (m, 5 H), 6.13 (br. s., 1 H), 6.03 (br. s., 1 H), 4.05 (br. s., 2 H),
3.63 (br. s., 3 H), 3.05 (br. s., 2 H), 2.25 - 1.6 (m, 10 H), 1.50-0.87 (m, 30 H), 0.79 - 0.72 (m, 11
H), 0.55 (m, 2 H); **C NMR (100 MHz, CDCl3) &: 183.0, 176.1, 175.4, 171.7, 168.4, 164.3,
154.0, 145.0, 144.8, 142.8, 142.0, 140.1, 135.0, 131.7,130.4, 129.7, 128.0, 127.9, 127.8, 127.6,
127.5, 127.3, 127.1, 124.2, 122.2, 120.8, 116.4, 109.5, 103.3, 88.1, 87.1, 58.6, 49.3, 44.0, 44.0,
40.0, 34.7, 31.8, 31.7, 31.5, 31.4, 31.1, 29.6, 29.5, 29.5, 29.4, 29.2, 29.2, 29.1, 29.0, 27.3, 26.8,
26.6, 24.2, 24.0, 24.0, 24.0, 22.5, 22.5, 22.5, 14.0, 13.9; MALDI-TOF (m/z): [M]* cald for
CsoH75N304: 889.5758; found: 889.4180.

5-[5-(2-carboxy-2-cyanovinyl)thiophen-2-yl]-2-[[3-[(1,3-dihydro-3-decyl-1-hexyl  -3-octyl-
2H-indol-2-ylidene)methyl]-4-oxo-2-cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-
3H-indolium (PSQ 3): Started with 0.1 g (0.12 mmol) of 10a, product obtained: 67 mg, Yield:
62%. 'H NMR (200 MHz, CDCls) &: 8.34 (br. s., 1 H), 7.7 - 7.59 (m, 4 H), 7.4 - 7.18 (m, 4 H),
7.1-6.92 (m, 2 H), 6.15 (br. s., 1 H), 5.98 (br. s., 1 H), 4.14 (br. s., 2 H), 3.58 (br. s., 3 H), 2.95
(br.s., 2 H),2.17 - 1.95 (m, 2 H), 1.83 (m, 8 H), 1.42-1.06 (m, 30H), 0.89 — 0.75 (m, 11 H), 0.92
- 0.65 (m, 2 H); 3C NMR (100 MHz, CDCls) &: 181.9, 181.1, , 175.9, 169.9, 168.6,153.8, 152.9,
144.1,143.7, 142.7, 141.8, , 135.2,135.01, 128.4, 127.7, 126.4, 124.1, 123.7, 123.3, 119.8, 116.0,
109.4, 88.0, 87.5, 59.0, 48.6, 44.0, 39.9, 36.6, 34.8, 34.1, 31.8, 31.7, 31.6, 31.5, 30.4, 30.3, 29.6,
29.5, 29.5, 29.5, 29.4, 29.2, 29.1, 29.0, 28.4, 27.3, 27.3, 27.2, 26.8, 24.7, 24.0, 23.9, 23.4, 22.6,
22.5,14.0, 13.9; MALDI-TOF (m/z): [M]*cald for Cs7H73N30.S:895.5322; found: 895.3006.

5-[5-(2-carboxy-2-cyanovinyl)thiophen-2-yl]-2-[[3-[(1,3-dihydro-1,3,3-trimethyl-2H-indol-

2-ylidene)methyl]-4-oxo-2-cyclobuten-2-olate-1-ylidene]methyl]-3-decyl-1-hexyl-3-octyl-3H-
indolium (PSQ 4): Started with 0.1 g (0.12 mmol) of 10b, product obtained: 58 mg, Yield: 54%.
'H NMR (400 MHz, CDCls) &: 8.37 (br. s., 1 H), 7.76 (br. s., 1 H), 7.69 (d, J=8Hz, 1 H), 7.55
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(br.s., 2 H), 7.43 (br. s., 1 H), 7.38 - 7.32 (m, 2 H), 7.19 (t, 1 H), 7.06 (d, J=8Hz, 1 H), 6.99 (d,
J=8.8Hz, 1 H), 6.13 (br. s., 1 H),6.06(br. s,1H) ,4.05 (br. s., 1 H), 3.66 (br. s., 1 H), 3.04 (br. s., 2
H), 2.05-1.93 (m, 2 H), 1.75 (m, 11 H), 1.4-1.072 (m, 30 H), ,0.87-0.74 (m, 11 H), 0.583-0.52
(m, 2 H); *3C NMR (100 MHz, CDCls) §: 182.6, 177.7, 175.7, 175.6, 172.1, 167.4, 164.9, 154.1,
146.4, 145.6, 142.8, 142.0, 140.2, 139.0, 134.6, 128.2, 127.9, 126.7, 124.3, 123.8, 122.2, 119.8,
116.7, 109.7, 109.5, 98.5, 88.4, 87.4, 58.4, 49.5, 43.9, 40.0, 31.8, 31.7, 31.6, 31.5, 31.4, 31.2,
30.2, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 29.0, 27.3, 26.8, 26.8, 26.6, 24.3, 24.1, 24.1, 24.0, 22.6,
22.6, 22.5, 22.5, 14.1, 14.0, 13.9; MALDI-TOF (m/z): [M+K]" cald for Cs7;H73N304S: 934.6302;
found: 834.2532.

5-[5-(2-carboxy-2-cyanovinyl)thiophen-2-yl]-2-[[3-[(1,3-dihydro-1,3-didodecyl-3-decyl-2H-
indol-2-ylidene)methyl]-4-oxo-2-cyclobuten-2-olate-1-ylidene]methyl]-1,3,3-trimethyl-3H-
indolium (PSQ 5): Started with 0.1 g (0.10 mmol) of 10c, product obtained: 64 mg, Yield:
60%. 'H NMR (500 MHz, CDCls) &: 8.39 (br. s, 1H), 7.62 - 7.47 (m, 2 H), 7.36-7.28 (m, 3 H),
7.19 (br. s., 2 H), 7.05-6.9 (m, 2 H), 6.85 (br. s., 1 H), 6.12 (br. s., 1 H), 5.93 (br. s., 1 H), 4.03
(br. s., 2 H), 3.46 (br. s., 1 H), 3.02 (br. s., 3 H), 2.06-1.97 (m, 2 H), 1.82-1.80 (m, 8H), 1.44-1.03
(m, 50H), 0.88-0.79 (m, 11H), 0.4-0.45 (m, 2 H); 3C NMR (126 MHz, CDCls) &: 183.1, 182.14,
177.2, 176.9, 169.6, 168.3, 152.9, 152.1, 144.1, 142.6, 141.8,139.3, 139.2, 135.0, 127.7, 123.9,
123.7,123.3, 122.4, 121.9, 119.8, 119.07, 116.0, 109.49, 108.8, 88.0, 87.5, 59.0, 48.6, 43.9, 40.0,
34.8, 34.2, 31.8, 31.8, 31.6, 31.4, 30.3, 30.3, 30.1, 29.6, 29.6, 29.5, 29.4, 29.3, 29.2, 29.2, 28.9,
27.4, 27.2, 24.0, 22.6, 22.6, 22.6, 14.1; MALDI-TOF (m/z): [M+1]" cald for Ces7Hg3N304S:
1036.6966; found: 1036.9155.
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3.1 Introduction
Design and syntheses of both metal containing and organic sensitizers have been evolved as an
important research for highly potential photovoltaic DSSC device since 1991 by Gritzel.? TiO,-
dye/electrolyte interface showed very important role for enhancing photon to current conversion
process and recombination processes in dye-sensitized solar cells (DSSC).® To enhance the
efficient charge injection process, the electronic coupling should be modulated between the dye
and TiO2 by having an suitable anchoring group on the dye and TiO2 surface.*® Here there are
very important critical factors observed from the orientation of dyes on the TiO> surface, and the
distance between the oxidized donor unit of the dye from the surface to govern the charge
recombination process besides passivating the surface.”® D-n-A%, D-A-n-Al° dyes have been
systematically designed showed the device efficiency of 13% and 12.5%, respectively.
Dipole-dipole interaction of dye aggregated monolayers formation plays very important
role in spectroscopy as well as various applications. Furthermore, self-assembly active layers of
aggregated sructures having good responses in the sense that it broadens the absorption spectrum
like H-aggregation and J-aggregation showed blue and red shifted absorption peaks compared to
monomer, respectively. On the other hand, these aggregation properties have been observed
thoroughly in solution***? and solid surfaces3?° that has been widely used in photoconductive
material,?* chemsensor,?? photovoltaics,?2® optoelectronics,?” and xerograpy.?! But comparing to
dye-sensitized solar cell (DSSCs), the self-assembly of periodically arranged aggregated
structure on the TiO. surface plays a negative role owing to the self quenching of photoexcited
dyes to the surface besides the inefficient charge injection process which leads to decrease the
DSSC device efficiency. However, few reports showed the advantage of those aggregation which
helps to enhance the light harvesting efficiency and device performance!® where better charge
transport properties have been observed for well-defined dye aggregated structures besides
broadening the light absorbing properties. Therefore controlling the aggregation and orientation
of the dyes on the TiO. surface to attain both efficient charge injections as well as light

harvesting efficiency at the dye-TiO- interface is very important challenging task.

Among the porphyrin,?®2° phthalocyanine,®*32 and squaraine dyes that constitute with
donor-acceptor-donor (D-A-D) =-conjugated framework which absorbs in the red and NIR

regions of the solar spectrum, and possess high molar extinction coefficient in the far-red, and
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NIR regions (10° M*cm?). The systematic extended n-conjugation was introduced in squaraine
based dyes SQ1%, YR6%, JD10%, DTS-CA®, and Psil-SC12-DTS35 which helps to enhancing
the device efficiency ranging from 4.5% to 8.9%. Herein, we have recently reported on the
structures of squaraine that D-A-D based far red active unsymmetrical squaraines dyes in which
indoline moiety as donor units and carboxylic acid as an anchoring group. In addition, donor
moiety can be functionalized with in-plane and out-of-plane alkyl groups and observed the
controlled aggregate formation that can be efficiently contributed in the charge injection
process.®® As investigated in the previous sections that extending the conjugation of n-spacer in
D-A-D based far red active unsymmetrical squaraines dyes which played very important role to
enhance the light harvesting efficiency of SQ dyes.®” On the other hand, modulated cis-

(a) (d)

R‘\R —<— out-of-plane branching

/)
I G S
"b\o y R < in-plane alkyl group
Cis configuration of ) - >
R CN
squaraine framework for . H
A J — (i) Modulating the HOMO Q"o 00 0o
(c) S and LUMO energy levels ! 1 ! ! ! 1 I L
i I ((mo, ] (1o, ) ( TIO )
Anchoring (i) Extending the : : -
R =-CN, -COzR - is- i is- di- i
group 2R4 absorption in the NIR trans: cis- mono anchoring cis- di-anchoring
ion all ith visibl ition of i
rebglon ? ong with visible Controlled dye assembly by the position of in and out-of-plane
absorption ) alkyl branching units and number of
(e) on the TiO, surface anchoring groups

PsQ11 PsQ12 PsQ13 PsQ14 PSQ15

Figure 3.1 (a) D-A-D framework based on cis-configured unsymmetrical squaraine dyes, (b) in-
plane and out-of-plane branching alkyl groups on indoline unit, (c) cis-configured squary! unit,
(d) schematic representation of mode of trans- and cis-SQ dyes anchored on TiO; surface, and
(e) structures of alkyl groups functionalized cis-configured unsymmetrical squaraine dyes,
PSQ11-15.

configured squaric unit consists of electron withdrawing barbiturate3® unit which helped further

extending the conjugation with efficient device efficiency than SQ1. Besides designing central
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squaraine units with dicyano-,**° cyanoester derivatives*! and number of anchoring groups to
enhance the device cell efficiency up to 5.66%. Similarly, such designed NIR active dyes has
been achieved the better device performance to 7.77% by co-sensitization with visible active
dyes.*

In this chapters, design and synthesis of a series of cis-configured squaraine dyes and
self-assembly on TiO> surface is studied further DSSC device fabrication has been carried out. A
series of cis-configured unsymmetrical PSQ dyes (PSQ11-15) (Figure 3.1) has been designed
and synthesized with following features (i) in-plane and out-of-plane alkyl groups, which
modulated to control the self-assembly of dye and orientation of dyes on the TiO. surface (ii)
appending electron withdrawing groups such as dicyano and cyanoester to the squaric unit to
maintain the cis-configuration besides extend the light harvesting in NIR region as well as visible
region and (iii) number of anchoring group which helps strengthening the interaction between
dye and TiO surface.

3.2 Results and Discussions

3.2.1 Syntheses of Cis-configured Squaraine Sensitizers

Figure 3.1 showed the structures of D-A-D-z-A unsymmetrical cis-squaraine sensitizers
(PSQ11-15) and its synthetic route (Scheme 3.1). Syntheses of unsymmetrical cis-squaraine
dyes require a suitably substituted semi-squaric acid (6a-6b), and branched indolium salts (4a-
4b), dicyanovinylene, cyanoester vinylene appended semi-squaraic acid derivatives of 8a-9b.
The starting material, a branched ketone, 3-octyl-2-tridecanone was synthesized from
corresponding branched alcohols 2-octyldodecanol and procedure followed from the previous
work. The semisquaraic acid derivatives (7a-7b) were condensed with malononitrile afforded the
dicyanovinylene or cyanoester vinylene substituted squaric acid derivative (8a-9b). The final
condensation reaction was carried out with the corresponding indolium salts 4a and 4b by
refluxing in presence of pyridine base in a 1:1 mixture of benzene and n-butanol under
azeotropic reaction condition to afford the cis-configured unsymmetrical squaraine dyes PSQ11-
PSQ15 in moderate yield (Scheme 3.1).
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Scheme 3.1 Syntheses of cis-configured unsymmetrical squaraine dyes, PSQ11-15

3.2.2 Photophysical Properties

The UV-Vis absorption spectra of dyes PSQ11-15 in CH2Cl; and on transparent TiO; film
(particle size: <20 nm, film thickness: 6 pum) were shown in Figure 3.2 and summarized in
Table 3.3. PSQ11-15 dyes exhibited two absorption bands, a sharp intense intramolecular
charge-transfer (ICT) band between 600-750 nm with an extinction coefficient of > 10°> M cm?

and a visible absorption peak between 400-500 nm (¢ ~ 10* M?* cm™), respectively. Such high
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energy transition was observed by substituting with a dicyanovinyl or cyano ester group in
squaraine dyes. Within the isomeric dyes of PSQ11-PSQ13, introducing a second carboxylic
acid group as in PSQ13 caused 10 nm bathochromic shift compared to PSQ11 and PSQ12 due
to the electron withdrawing nature of carboxylic acid group. Dyes PSQ14 and PSQ15 showed 5
nm red shifted absorption compared to PSQ11.

(a) (b)
1.8] —PsQ11 1.0
= —PSQ12 5
e 15 —psa1s < 0.84
S 45 PsSQ14 A -
‘TE 41 —psa1s | E 0.64
‘S o 1 0.4
— 0.6- =
W E 02
0.3- S ™
o.oN . R S ———
400 500 600 700 800 650 700 750 800 850
Wavelength (nm) Wavelength (nm)

Figure 3.2 Optical properties of PSQ11-15 dyes. (a) UV-vis absorption spectra in CH2Cly, (b)
Normalized emission spectra in CH2Cl. (excitation wavelength: 610 nm), (c) Normalized
absorption spectra on thin film of TiO., thickness = 6 um, dipping time = 10 min, and [PSQ] =
0.1 mM in CH2Cly, (d) LHE (%) on TiO- thin film recorded after 12 h dipping in 0.1 mM
solution in CH2Cl.

Optical properties of PSQ11-PSQ15 were carried out in different solvents (PhMe,
CHCIs3, CH2Cl,, EtOH and DMF) and these dyes exhibited a red shifted absorption in Amax from
least polar PhMe to DMF (Table 3.1). Emission spectra of PSQ11-15 in CH2Cl, showed intense
peak between 707-725 nm. The Stokes shift of ~15-19 nm for PSQ11-15 indicated that the
dipole moments of the photo-excited states have been changed significantly. By relative method
the fluorescence quantum yield (¢) in different solvents were measured and in dichloromethane ¢
shows an increasing order of [PSQ13=PSQ15]<[PSQ14~PSQ11=PSQ12]. The optical band gap
(Eo0) was calculated from the intersection point of the respective absorption and emission
spectra and it varied between 1.73-1.76 eV for PSQ11-PSQ15 dyes (Figure 3.3 and Table 3.1).
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Figure 3.3 Normalized UV-vis absorption and fluorescence spectra of PSQ11-15 dye of (a-h) in

different solvents.

Table 3.1 Absorption and emission properties of PSQ11-15 dyes in different solvents. Excitation

wavelength (kex) was 610 nm

Dye Aas/Aemis Aas/Aemis Asabs/Aemis Asavs/Aemis Asabs/Aemis
(nm), ¢ in  (NmM), ¢ in (nm), ¢ in (nm), ¢ in (nm), ¢ in
PhMe CH:Cl; CHCIs EtOH DMF

PSQ11  710/723, 657/665, 0.31 694/709, 0.16 684/702,0.17 691/704, 0.09
0.12

PSQ12  712/724, 658/676, 0.27 699/714,0.11 686/703,0.13 690/704, 0.08
0.11

PSQ13  724/737, 669/676, 0.14 712/727,0.07 695/713,0.13 698/712, 0.07
0.06

PSQ14  714/727, 671/676, 0.35 699/715, 0.08 689/707,0.08 697/712, 0.05
0.07

PSQ15  714/727, 669/677,0.14 699/715,0.08 689/707,0.09 697/712, 0.05
0.07
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To understand the self-assembling nature of PSQ11-PSQ15 dyes in solution, the UV—vis
absorptionstudies were carried out in different concentrations of PSQ11-PSQ13 dyes in CH2Cl,
and a non-linerar Beer-Lampert plot indicated that PSQ11, PSQ13 and PSQ14 exist as
aggregate in solution with the threshold concentration of dyes were about 0.05 mM. Whereas for
PSQ12 and PSQ15, non-linear behavior observed beyond the dye concentration of 0.1 mM
(Figure 3.4). This observation indicated that keeping the branched alkyl groups away from the
anchoring groups allows the strong intermolecular interaction even in solution, and in the case of
PSQ12 and PSQ15, the dye exist as monomer even at 100 uM that was the dye bath

concentration used for dipping the electrode for device fabrication.
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Figure 3.4 Aggregation of dyes in solution. (a-b) UV-vis absorption spectra of PSQ11in CH2Cl
in different concentration (path length of the cuvette 0.1 cm), (c) Normalized UV-vis absorption
spectrum of 0.1 mM PSQ11-15 in CH.Cl; (d) Deviation from Beer-Lambert law (PSQ11-
PSQL15).
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3.2.3 Photophysical Characterization on the Surface

Controlling the self assembly of dyes on TiO> surface and in solution are often dictated
by the molecular structure. In terms of structure, PSQ11-15 dyes possess bulkiness offered by
sp3-C and N-alkyl groups either near or far away from the anchoring group on a cis-configured
squaraine framework. Further the orientation of dye at the TiO. surface has been controlled by
number of anchoring groups and hydrophobic alkyl chains present in the dye molecules.

To understand the dye-dye interaction on the surface, the UV-vis studies on dye coated
TiO> electrode has been carried out. TiO> electrode (6 wm) dipped in the PSQ11-PSQ15
solutions 0.1 mM for 30 min. For the dye PSQ11, the ICT band at 692 nm was broadened along
with the appearance of a broad peak at 638 nm. Broadening of the absorption spectrum on TiO>
surface can be explained by the polar interaction of dye and deprotonation of carboxylic acid on
the surface.**” Hence the broad peaks at 692 nm and 638 nm were corresponds to the monomer
and H-aggregates, respectively. However the isomeric PSQ12 dye showed reduced H-aggregate
at 644 nm along with the monomer. Having an additional -COOH group appended with PSQ11
or PSQ12 as in PSQ13 provides completely different dye organization on the surface. Besides
the monomer (727 nm), H-aggregate (658 nm) predominant formation of J-aggregate with red
shifted absorption at 750 nm has been observed. Though, formation of H-type aggregation
(Head-to-Head) of dyes on the TiO> surface can be very facile, formation of J-aggregate on TiO-
surface by suitably functionalizing the squaraine dyes with in- and out-of plane alkyl groups can
be envisaged by (i) parallel alignment of molecular dipoles with respect to the TiO2 surface and
(ii) slipped arrangement of dyes on the surface.*®*® The above design can be realized by
integrating cis-squaraine units with two anchoring groups and further one of the two indoline
units were functionalized with steric demanding alkyl groups as in the case of PSQ13 compared
to PSQ11 or PSQ12. The formation aggregated structure further controlled by appending on
alky! group through ester bond as in PSQ14 and PSQ15, though it possess both N- and sp3-alkyl
groups on the indoline unit which was far away from the anchoring group. Ratio of optical
density of monomer with aggregate is listed in Table 3.3 which helps to evaluate to extent of
aggregation of dyes on the TiO> surface. These features have also been depicted in LHE profile,
where PSQ11, PSQ12 and PSQ13 dyes have shown different profiles. The LHE profile is

narrowed down with PSQ13 where the chromophore was isolated to some extent with the
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presence of alkyl groups at sp3-C and N-atoms and the alkyl groups present at the cyanoester

moiety.
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Figure 3.5 Optical properties of PSQ11-15 dyes. (a) Normalized absorption spectra on thin film
of TiOg, thickness = 6 um, dipping time = 10 min, and [PSQ] = 0.1 mM in CH2Cl, (b) LHE (%)
on TiOz thin film recorded after 12 h dipping in 0.1 mM solution in CH2Cl.
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Figure 3.6 Optical properties of PSQ11-15 dyes on AlLOs surface. (a) Normalized LHE on
Al>O3 thin film recorded after 12 h dipping in 0.1 mM solution in CH2Clz. (b) Normalized

emission spectra on thin film of Al>Os, excitation wavelength: 683 nm, thickness = 6 um,

dipping time = 12 h and [PSQ] = 0.1 mM in CH:Cl.. (c) possible arrangements of dyes on the

surface for the observed H and J- type aggregations.
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Emission studies on Al.O3 surface has been carried out to understand the nature of
aggregate formation with the PSQ11-PSQ13 dyes. The Al.O3 film was dipped in dye solution
(0.1 mM of PSQ11-PSQ13 in CH2Cl,) for 12 h. The LHE profiles of PSQ11-PSQ13 on both
TiO2 and Al>Os surfaces have similar features (Figures 3.5b and 3.6a). Emission spectra of
PSQ11-PSQ13 on Al>Os were consists of two peaks corresponding to monomer and J-aggregate
(822 nm) emissions (Figure 3.6b). Possibility of such J-type aggregates emanate from the
structures of the PSQ11-PSQ13 dyes, for example, dye PSQ13 possess inbuilt steric factor in
one side of the molecule, which helps organizing the dyes on the TiO2 surface as described in
Figure 3.6c that helps to the formation of prominent J-type aggregate.
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Figure 3.7 Emission spectra of PSQ11-PSQ15 dye of (a-e) on Al,O3 (black line) and TiO>

(redline), excitation wavelength: 683 nm.
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However the ratio of Imonomer/l1-aggregate Was different for all the dyes that indicate different
arrangement of the dye on the surface. For example emission spectrum of PSQ11 on AlOs
showed the monomer emission at 763 nm and the sharp J-aggregate emission at 822 nm. The
isomeric PSQ12 dye, showed the Imonomer/l3-aggregate ratio of 3.03 which indicates more monomer
formation compared to PSQ11 that possess the Imonomer/l-aggregate ratio of 1.23. It is interesting to
note that the emission from J-aggregate is predominant compared to monomer in case of PSQ13.
The Imonomer/l1-aggregate ratio for PSQ11 and PSQ13 were comparable as both the dyes are
functionalized with N- and sp®-C out-of-plane alkyl groups on the indoline unit that was far away
from the anchoring groups. In case of PSQ13, due to the additional long alkyl group the
formation of aggregate has been avoided which resembles the dye that possess in-plane, out-of-
plane alkyl groups which were placed near to the anchoring group as in case of PSQ12 (Table
3.2). In addition to emission study on Al.O3, emission from dye adsorbed TiO also monitored

and the changes in radiative emission of dyes were compiled in Figure 3.7.

Table 3.2 Emission properties of PSQ11-15 on Al>Os at excitation wavelength of 683 nm.

Dye Maximum Amax Of Maximum  Fluorescence  Fluorescence Imonomer/ 13-
monomer on Amax Of J- Intensity of  Intensity of J- aggregate
Al2O3(nm) aggregate ~monomer on  aggregate on
on Al,O3 AlL,O3
Al2O3(nm)
PSQ11 763 822 1 0.81 1.23
PSQ12 753 822 1 0.33 3.03
PSQ13 766 822 0.74 1 0.74
PSQ14 761 822 1 0.691 1.44
PSQ15 147 822 1 0.311 3.21

3.2.4 Electrochemical Characterization.

PSQ11-15 chromophores were characterized by voltammetric analysis (DPV and CV) to
understand the feasibility of electron injection from the LUMO of dye into conduction band of
the TiO2 and the dye regeneration by the redox couple (Figure 3.8 and Table 3.3). The HOMO
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energy level of PSQ11, PSQ12 and PSQ13 were 0.85 V and 0.93 V vs NHE, respectively. For
PSQ13 and PSQ13 it was 0.70 V vs NHE, respectively. The more positive potential of PSQ11-
PSQ13 than the electrochemical potential of I/ 13~ redox couple (0.4 V vs NHE) warrants the
regeneration of oxidized dye. The oxidation potential of PSQ11-PSQ13 dyes were around 0.70-
0.93 V vs NHE, suggests that the changes in position of out-of-plane alkyl groups do not make
large difference, in contrast the insertion of COOH group, as in the case of PSQ13 and different
acceptor groups showed a notable difference. As described above, —CN group is more electron
withdrawing than —COOEt, which is consistent with the observed change in the oxidation
potential. The optical energy gaps (Eo-0) was calculated from the intersection of absorption and
emission spectra and PSQ11-PSQ13 dyes exhibited optical band gap between 1.73-1.76 eV. The
LUMO energy level of PSQ11, PSQ12 and PSQ13 was found at — 0.92 V, —-0.91V and —0.80 V
vs NHE, respectively as well as for PSQ13 and PSQ13 it was —1.06 V vs NHE, respectively.
The LUMO energy level of PSQ11-PSQ13 series was calculated by subtracting Eo-o from Exomo
and tabulated results are more negative than Ecg of TiO2 (0.5 V vs NHE), which may result in a
larger driving force for electron injection from the excited state of the sensitizer to the TiO>
conduction band. For PSQ13, the HOMO and LUMO is at 0.70 V and -1.06 V vs NHE,
respectively and there was no significant difference after extending the length of alkyl chain in

acceptor groups.
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Figure 3.8 Electrochemical properties of PSQ11-15 dyes. (a) Differential pulse voltammetry for
PSQ11-PSQ15 dyes and (b) Energy level diagram of PSQ dyes (V vs NHE) with TiO,, and
electrolyte (17/ 137).
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Table 3.3 Photophysical and electrochemical properties of PSQ11-15 at room temperature

Dye Amax/abs &a,&b Amaxe  @emis  Amaxabs/ Adimer/  Enomo' AEoo? Eru MhO
(nm)* 113;(';?1) (nr:z)c 6)° TiO> Aramer (ev) (ev) )
(nm)° (%)
PSQ11 381,692 0.27,1.1 707 0.23 638,692 98 0.85 1.77  -0.92
PSQ12 381,697 0.33,14 712 0.17 644,705 77 0.85 1.76 -0.91
PSQ13 381,707 0.26,1.0 725 0.14 658,727 84 0.93 1.73 -0.80
PSQ14 391,697 041,14 716 0.11 647,703 87 0.70 1.76 -1.06
PSQ15 391,697 0.351.1 715 0.13  651/699 73 0.70 1.76 -1.06

3UV-vis absorption in CH2Cl,. P, and &, are molar extinction coefficients for the peaks in visible
and charge transfer peaks, respectively . Emission studies (excitation wavelength 610 nm). %by
relative method in CHxCl,. °TiO; electrode (6 um, dipped for 30 min in 0.1 mM of PSQ11-
PSQ13 dyes in CHCls. 'Enomo of PSQ11-15 in CH.Cly vs, Fc*/Fc (eV), further the potentials
were converted with respect to NHE (V) by addition of 0.7 V. %o (eV) =
1240/1(). = intersection wavelength between absorption and emission spectra) . "ELumo =Eromo-
Eo-o.

3.2.5 Density Functional Theory (DFT) Calculations

To gain insight into the electronic structures of PSQ11-PSQ13 dyes, their ground state
geometries and energies were fully optimized using density functional theory (DFT) by
B3LYP/6-31G** level with the Gaussian 09 program. Energy minimized structures of PSQ11,
PSQ12, PSQ13, and CDCA were presented in Figure 3.9 and the detailed parameters are
summarized in Table 3.4. The iso-surface plots of four selected frontier molecular orbitals
HOMO+1, HOMO, LUMO and LUMO-1 were depicted in Figure 3.10-3.11. In PSQ11-PSQ13
dyes, the electron density of HOMO was localized over the dicyanovinyl or cyanoestervinyl

groups in addition to the squaraine unit, while the electron distribution of HOMO-1 was
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sQ5 PsSQll PsSQl2 CDCA

Figure 3.9 Energy minimized structures of (a) SQ5, (b) PSQ11, (c) PSQ12 and (d) CDCA.
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Eromo=-4.85 eV

Eromo= -4.81 eV Eromo= -4.98 eV

EHomo-1

Eromo-1=-6.13 eV

Enomo-1=-6.26 eV

Exomo-1=-6.10 eV

Figure 3.10. Isosurface plots of selected frontier orbitals (HOMO, HOMO-1, LUMO,
LUMO+1) of PSQ11, PSQ12 and PSQ13. Fully optimised at DFT B3LYP/6-31G** level.

(Isovalue set to 0.036 a.u.)

delocalized over squarate derivatives which contain electron withdrawing group. The LUMOs
are delocalized along the backbone of the molecules, and the LUMO+1 is located on the central
core and the carboxylate-substituted indolinium moieties. In particular, the LUMO+1 of PSQ13
showed electron densities at both sides of the two anchoring units, which favour highly efficient
electron injection to conduction band of TiO> surface. Such electron distribution in HOMO and
LUMO or LUMO+1 suggests the effective electron transfer from dyes to TiO2 through anchoring
unit. Though there was no significant change in electronic structures, functionalization with alkyl

groups helps avoiding the dye-dye interaction.
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Ernomo-1 /) N 2 3

E 1=-5.93 eV
Eromo-1=-5.94 eV HOMO-L

Figure 3.11. Isosurface plots of selected frontier orbitals (HOMO, HOMO-1, LUMO,
LUMO+1) of PSQ14 and PSQ15. Fully optimised at DFT B3LYP/6-31G** level. (Isovalue set
to 0.036 a.u.

These structural features of top and down alkyl groups enhance the charge injection by
reducing the dye aggregation and diminish the charge recombination by surface passivation due
to hydrophobic moiety. The distance between the oxygen atom of carboxylic acid and the out-of-
plane alkyl groups at top and down indoline units were found to be 14.97 A and 5.36 A for
PSQ11 and PSQ12, respectively (Figure 3.9).

Table 3.4 Theoretical energy levels of selected MOs

Dye Evomo Enomo1r  ErLumo  ErLumo+i  AEoo

@) &) &) @) &)

PSQ11  -4.85 -6.13 -2.85 -1.37 1.93
PSQ12 -481 -6.10 -2.79 -1.27 1.96
PSQ13  -4.98 -6.26 -3.01 -1.55 1.92
PSQ14  -4.60 -5.94 -2.61 -1.55 1.94
PSQ15 -4.59 -5.93 -2.60 -1.54 1.91

3.2.6 Photovoltaic Studies of PSQ11-15
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The photovoltaic device performances of DSSC devices based on PSQ11-PSQ13 dyes under
standard conditions (AM 1.5 G, 100 mW/cm?) were evaluated using 17/1s~ electrolyte. The
current-voltage (I-V) characterization and IPCE profiles of PSQ11-PSQ13 dyes were shown in
Figure 3.12 and the best cells device performance data with and without co-adsorbent 3o, 7a-
dihydroxy-5p-cholanic acid (CDCA) were listed in Table 3.5. The DSSC devices based on
PSQ11 dye having dicyanovinylene group with in-plane and out-of-plane of branched alkyl
chain on sp® carbon of indoline units which is away from the TiO, surface showed 5.98% PCE
with a Jsc of 14.46 mA cm2, Vo of 0.576V and ff of 71.8%. Addition of upto 5 equiv of CDCA
increased the device performance to 6.03%. Further addition of CDCA caused significant
decreased in photocurrent due to the decreased dye amount on TiO. (Figure 3.12). When the
insertion of in-plane and out-of-plane branched alkyl chain in indoline units which is placed near
to TiO2 anchoring carboxylic acid group as in PSQ12, a significant reduction in Js, Voc and the
PCE of 3.45% was achieved in the absence of CDCA and showed 73.33% reduction in PCE
compared to isomer of PSQ11 because of low Js of 8.78 mA cm? and Voc of 0.554V. The
reduction of photocurrent was due to significant drop in dye loading, as the branched alkyl group
near to the TiO> surface facilitates in blocking the dye anchoring 5-coordinated Ti site. Further,
the addition of CDCA reduced the cell performance and difference in the PCE appeared because
of the less stable monolayer of PSQ12 on TiO2 compared to PSQ11. PSQ13 dyes possess
additional COOH group compared to PSQ11 and PSQ12 dye and exhibited the device
performance of 6.07% with Jsc of 14.46 mA cm?, Vo of 605 mV and ff of 0.72. The » and Voc
values were significantly increased in the presence of coadsorbent CDCA. Addition of 2 eq. of
CDCA showed improved device efficiency of 7.58%. Photovoltaic parameters with different
concentrations of CDCA were showed in Figure 3.12 for PSQ11-15. The reduction photocurrent
in isomeric PSQ11 and PSQ12 dyes can be explained by the amount of dyes adsorbed on the
TiO; surface. Dye desorption study in 2NHCI in EtOH was carried out to calculate the dye
loading on TiO; films. The amount of dye loaded on TiO; for PSQ11-PSQ13 sensitized DSSC
was found to be 1.71x10™" mol/cm?, 0.88x10" mol/cm? and 1.86x10~" mol/cm? respectively. As
observed in the case of PSQ11, adjusting electron withdrawing group by choosing ethyl cyano
acetate of PSQ13 displayed a 29.5% decrease in efficiency; the overall PCE was 4.26% in

absence of CDCA. Extending the length of alkyl chain in electron acceptor unit from ethyl to
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octyl as in PSQ13 dye shows significant improvement in current and voltage and which in turn
brings high efficiency of 5.29% with the Jsc and Vocof 12.47 mA cm and 592 mV, respectively.

Incident photon-to-current conversion efficiency (IPCE) of PSQ11-PSQ13 DSSCs is
shown in Figure 3.12. PSQ11 based DSSC showed greater IPCE response in the region of
525-800 nm, which corresponds to the absorption by monomers and aggregates. Further PSQ11
showed high IPCE response between 400 and 510 nm, which corresponds to the absorption from
the result of the substitution with dicyanovinylene groups. In absence of CDCA PSQ11 showed
IPCE with maximum of 60% and 76% at 426 and 638 nm, respectively. In contrast PSQ12 dye
showed narrow IPCE response with maximum of 54% at 692 nm because of branched long alkyl
group was closer to the TiO, surface which suppressed the dye aggregation as well as more dye
anchoring. After the addition of CDCA, PSQ11 and PSQ12 showed a further increase in IPCE
in the far red region, and at 690 nm of PSQ11 and PSQ12 exhibit an IPCE response of 79%, and
45%, respectively. Compared to PSQ11, PSQ13 exhibited a broad IPCE profile towards NIR
region as it showed the photo-response on set from 800 nm. Similar to PSQ11, PSQ13 also
formed a stable monolayer of dyes, as the response from aggregated structure is pronounced in
the presence of CDCA (~650 nm). These results suggest that the electron injection efficiency in
the NIR region could be improved by introduction of in-plane and out-of-plane alkyl chains due
to the modulated self assemblies of PSQ11-PSQ13. In case of PSQ12, PSQ13 and PSQ13,
showed narrow IPCE profile with maximum of 56% at 700 nm under same condition and its
extended aggregation was reduced towards monomer which is ascribed to its adsorption status on
the surface.

It is interesting to note that position of alkyl group and the number of anchoring groups
determined the stability of dye monolayer in the TiO2 surface. Through the IPCE profile, (i)
PSQ11 and PSQ12, among top and down functionalized cis-configured squaraine dyes, PSQ11
showed stable monolayer formation compared to PSQ12 as the IPCE profile did not change
appreciably in the presence of CDCA, on the other hand the CDCA sensitive current response for
PSQ12 indicates the dye-dye interaction is reduced in the case of PSQ12 on TiO2. And for (ii)
PSQ11 and PSQ13, besides top alkylated derivatives of the dyes, choice of substituent on the
squaryl moiety also makes the self-assembly sensitive to the co-adsorbent. In order to increase
the efficiency of formation of self-assembly, a further long alkyl chain is introduced as in

PSQ13, exhibit the reduced dye-dye interaction which indicates the importance of position of
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alkyl groups and the substituent effect on the squaryl moiety to control the aggregation of dyes
on the TiO, surface to modulate the photocurrent. Further, dyes PSQ11 and PSQ13 have the
IPCE response with the onset from 800 nm, with a distinctive peak at ~725 nm in the presence of
CDCA, which indicates that the J-type aggregate may also effectively participate in the power
conversion process. As mentioned before, combining the effect of (i) aligning the molecular
dipole parallel to the TiO. surface by two anchoring groups and (ii) slipped arrangement of
molecular dipoles by sterically demanding structural features offered by in-plane and out-of-
plane alkyl groups on one of the indoline units as in PSQ13 promotes the formation of J-
aggregates.
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Figure 3.12 I-V and IPCE characterization of PSQ11-15 dyes. (a, ¢, e, g and i) and (b, d, fand j)
I-V and IPCE curves for PSQ11-15 in presence and absence of CDCA (TiO; electrode thickness
= 8 + 4 um (transparent+scattering layer), area =0.22 cm?, [Dye] = 0.1 mM in CHClIs, dipping

time 12 h at rt, electrolyte: iodolyte Z-50 from Solaronix).
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Table 3.5 I-V characteristics of PSQ11-15 dyes best devices with and without CDCA?

Dyes Jsc Voc f (%0) PCE (%)
mA/cm? V)
PSQ11 14.29+0.17 0.577+0.001 71.6+0.20 5.90+0.08
PSQ11/CDCA 14.19+0.04 0.579+0.002 70.20+1.2 5.77+0.09
(1:2)
PSQ12 8.69+0.09 0.553+0.001 70.6+0.30 3.39+0.06
PSQ12/CDCA 6.26+0.08 0.562+0.001 70.75+0.55 2.49+0.05
(1:2)
PSQ13 13.97+0.07 0.603+0.002 70.85+0.65 5.96+0.11
PSQ13/CDCA 17.16+0.04 0.616+0.002 71.5+0.20 7.55+0.02
(1:2)
PSQ14 10.17+0.05 0.581+0.002 71.7+0.70 4.21+0.05
PSQ14/CDCA 7.96+0.08 0.594+0.004 72.2+0.70 3.41+0.09
(1:2)
PSQ15 12.29+0.17 0.593+0.002 70.95+0.75 5.17+0.12
PSQ15/CDCA 9.91+0.11 0.581+0.001 69.05+0.15 3.98+0.03
(1:2)

3Ti02 electrode thickness = 8 + 4 um (transparent + scattering layer), area =0.22 cm?, [Dye] = 0.1
mM in CHCIs, dipping time was 12 h at rt, electrolyte was iodolyte Z-50 (Solaronix) and

summarize the result of best six devices with deviation.

3.2.7 Electrochemical Impedance Analysis
To gain insights into the significant variations in Jsc and Vo arising in DSSC devices and to
study the interfacial charge recombination dynamics between the injected electrons in TiO;

conduction band (CBrio2) and I3~ in electrolyte at interfaces of TiO2-dye/electrolyte,
electrochemical impedance spectroscopy (EIS) measurement was performed under dark
experimental conditions. For DSSC, Vo is the potential difference between quasi- Fermi level of
electron in the TiO2 (Egn) and the fermi level of redox potential of electrolyte (Er, redox) (EQ 3.1).
For this study, the chemical potential of redox electrolyte used in PSQ11-PSQ13 were kept

constant, so the contribution from the movement of Erredox IS Negligible. Further, changes in Js
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and Vo parameters affecting Ern (Eq 3.2), (Ecs isthe position of TiO2 conduction band, kg is the
Boltzmann constant, T is the absolute temperature (293 K), nc is free electron density in the
semiconductor, and N represents the density of accessible states in the conduction band). Thus,
either the conduction band edge shift or the change in the chemical capacitance of TiO; infers the
cell potential (Table 3.6).

Voc = E(Fredox) - EEn) (3.1)
En =Ecs+ ks T In(ne/N¢) (3.2)

The Nyquist plots of the DSSC devices based PSQ11-PSQ13 dye cells were acquired in
the dark with applied bias of -0.47 V in Figure 3.13a. The impedance of electron transfer at the
Pt/electrolyte interface was represented as a smaller semicircle at high frequency region, whereas
the larger semicircle at mid frequency range represents the charge recombination resistance at
the TiO.-dye/electrolyte interface. Among the five PSQ dyes, PSQ13 showed large radius for
mid frequency region at applied bias -0.47 V and Figure 3.13b showed the high charge transfer
resistance (Rc). The high impedance at the TiO2-dye/electrolyte interface represents the
minimum recombination reactions due to the effective passivation of TiO; surface by closely
packed dye monolayer. Further, top-branched unsymmetrical cis-squaraine dyes PSQ11, PSQ13
and PSQ13 dyes were exhibited higher charge recombination resistances compared to PSQ12
dye due to the good passivation of top alkylated dyes on the TiO, surface. In this study, both sp3-
C alkylated and di anchoring groups containing PSQ13 dye exhibited high Rt compared to other
unsymmetrical cis-SQ dyes with branching units at the sp®-C atom and mono anchoring group.
For the applied bias of -0.47 V, R of cis-SQ dyes were in the order of PSQ13 (17.23
Q)>PSQ11 (14.92 Q)> PSQ14 (13.03 Q)>PSQ13 (12.88 Q)>PSQ12 (10.14 Q). The similar
trend of Ret was observed in Vo of unsymmetrical cis-squaraine dyes which were in the order of
PSQ13>(618 mV)>PSQ11 (581 mV)>PSQ12 (562 mV). Therefore, the observed high R of
PSQ13 indicates the better passivation of surface from redox couple than other dyes.
Capacitance (C,) of the cis-SQ dyes on the TiO> surface which is closely related to the Vo of the
DSSC as shown in eq 3.2. Figure 3.13c explains the observed increase in the Vo as the
capacitance and R of PSQ11 and PSQ13 were higher than the PSQ12, PSQ13 and PSQ13
dyes. This result indicates the importance of two carboxylic acid anchoring groups in dye PSQ13

for the significant variation in C, in Figure 3.13c. Electron lifetime (7 =R x C,) for PSQ11 and
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PSQ13 than other PSQ dyes was showed in Figure 3.13d, which explains the significant
improvement in both Jsc and Ve Introduction of ethyl and octyl group on the squaryl unit,
further enhances the charge recombination pathways, hence the lower R¢ values were observed
for PSQ13 and PSQ13, though it possess top sp>-C and N-alkyl groups. It may be due to the
formation of unstable monolayer formation for PSQ13 and PSQ13 compared to PSQ11 which is

summarized in Table 3.6.
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Figure 3.13 Impedance analysis of PSQ11-15 dyes: (a) Nyquist plot, (b) Rt vs applied potential,
(c) C.vs applied potential and (d) z vs applied potential
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Table 3.6 EIS Parameters of PSQ11-15 dye cells at an applied potential of —0.47 V in the dark

Dyes Rs(ohm) Ret Cn T (MS)
(ohm) (mF)
PSQ11 12.90 14.92 0.65 9.7
PSQ12 13.86 10.14 0.38 3.85

PSQ13 12.93 17.23 0.806 13.89

PSQ14 12.89 13.03 0.42 5.47

PSQ15 13.62 12.88 0.54 6.95

3.3 Summary

In summary, a series of cis-configured unsymmetrical squaraine dyes PSQ11-15 were designed
with suitably functionalized out-of-plane branched alkyl groups on the sp-C atoms of indoline
units of squaraine dyes for dye sensitized solar cells (DSSCs). Factors containing the position of
in-plane and out-of-plane alkyl groups, number of anchoring groups that enhanced the self-
assembly of dyes and their interaction between TiO, and dyes were systematically studied.
However with respect to mono- and di-anchoring groups exhibited different photophysical
properties and those studies were carried out on Al>Os surface and then showed different dye
orientation on the TiO; surface. Sensitivity of dye aggregation was studied by carrying out dye-
dipping process in the presence of optically transparent CDCA coadsorbent and monitored that
PSQ1lland PSQ13 dyes exhibited a stable self-assembly of dyes whereas the photocurrent
properties did not show any drastic change upon increasing the CDCA concentration. On the
other hand, PSQ13 dye showed superior performance of 7.58% (Jsc of 17.12 mA c¢cm, Vo of
0.618V and ff of 71.7%) than that of the PSQ11and PSQ12.

3.4 Experimental Section

AcSIR-NCL/Punitharasu Vellimalai 118



Chapter 3

3.4.1 Materials and Characterization Required precursors 1a*, 1b%, 2a*, 3a% and 3b®* were
synthesized according to the reported literature procedure. All oxygen- and moisture-sensitive
reactions were carried out under inert atmosphere. *H NMR spectra were recorded on a 200 MHz
or 400 MHz or 500 MHz spectrometers, using CDCls. All chemical shifts were reported in parts
per million (ppm). * H NMR chemical shifts were referenced to TMS (0 ppm). *C NMR
chemical shifts were referenced to CDCls (77.23 ppm, and recorded on either 100 MHz or 126
MHz NMR spectrometer). HRMS and MALDI-TOF-MS were recorded on SYNAPT G2 HDM
spectrometer and ABSciex 5800 MALDI TOF mass spectrometer, respectively. UV-vis
absorption spectra were recorded on Analytikjena (SPECORD 210 PLUS) spectrophotometer.
For cyclic and differential pulse voltammetric analysis (CV and DPV), a three electrode cell was
used for and which was performed on BioLogic SP300 potentiostat. Platinum wire used as a
working electrode, a thin platinum foil was used as a counter electrode, and dyes were dissolved
in dry dichloromethane. Measurements were carried out at the scan rate of 50 mVs? after
addition of 0.1 M of tetra butyl ammonium perchlorate (TBAP) as the supporting electrolyte and
non-aqueous Ag/Ag*" (0.01 M in CH3CN) used as reference electrode. The reference electrode
was calibrated by recording the cyclic voltammograms of ferrocene in the same electrolyte as
external standard; the potential values are on the basis of the estimated value of the ferrocene
redox potential in dichloromethane 0.7V versus NHE. The EIS analysis was performed under
dark condition by applying external bias to dye cells using a BioLogic SP300 potentiostat
equipped with frequency response analyzer. Frequency range was fixed from 1 MHz to 10 mHz
with AC amplitude of 10 mV. I-V characteristics of the dye cells were measured under a solar
simulator (PET, CT200AAA) in clean room conditions, which is controlled by a source
measurement unit (Keithley 2420). A certified 4 cm? silicon solar cell (NREL) was calibrated to
an intensity of 1000 W m2 (xenon lamp, 450 W, USHIO INC) of a solar simulator (AM1.5 G
light). IPCE spectra measurements were conducted by Newport QE measurement kit including a
xenon light source, a monochromator, and a power meter. The set-up was calibrated using a

reference silicon solar cell before the device measurement.

3.4.2 Device Fabrication Procedure For fabricating photoanode of DSSC, FTO (F-doped SnO-
glass; 6-8 Q/sq) was cleaned sequentially by mucasol (2% in water), deionized water, and
isopropanol using an ultra-sonication for 15 min. A blocking layer of TiO, was prepared by

dipping cleaned FTO substrate in freshly prepared aqueous 0.05 M TiCla4 solution at 70 °C for 30
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min, and washed immediately with deionized water, and followed by annealing in air at 125 °C
for 10 min. And the mesoscopic transparent thin layer (6-8 um thickness) of TiO2 onto buffer
layer modified FTO was coated using TiO> paste (< 20 nm, Ti-Nanoxide T/SP) by the doctor-
blade technique. Then kept in air for 5 min and annealed at 125 °C in air for 15 min before
coating scattering layer on it. Dyesol, WER2-O paste was used to coat a 4-6 um thick TiO> layer,
kept in air for 5 min and annealed at 125 °C in air for 15 min. Resulting 0.22 cm? active area
films were sintered at 325 °C for 5 min, 375 °C for 5 min, 450 °C for 15 min and 500 °C for 15
min with heating rate of 5 °C per min in air. After reaching the furnace temperature at 50 °C,
sintered films were treated in TiCls solution as described before. After sintering the layer-by-
layer deposited film again at 500 °C for 30 min, allowed to reach 50 °C and were immediately
immersed in 0.1 mM PSQ11-15 dye solution in chloroform at room temperature for 12 h. The
dye loaded electrodes are washed thoroughly with chloroform, to remove physisorbed molecules.
Successive addition of co-adsorbent 3a,7a-dihydroxy-53-cholanic acid (CDCA) was varied the
concentration of de-aggregating agent in the dye solution and studied the device performance at
1, 2, 3, 4 and 10 equiv of CDCA. Finally the dye cell was assembled by joining the electrolyte
(lodolyte Z50) filled photoanode and platinum cathode using a 25 um thick spacer. Photovoltaic

parameteters have been evaluated without masking the device.

3.4.3 Synthetic Procedures and Characterization Data

2-[(1-Methyl-5-carboxy-3,3-dimethyl-1,3-dihydro-2H-indol-2-ylidene)methyl]-3
[dicyanomethylidene]-4-oxo-cyclobut-1-en-1-olate (2b): A mixture of 1b (0.5 g, 1.3 mmol),
malononitrile (0.1 g, 1.49 mmol), and NEtz (0.22 mL) were dissolved in 25 mL of EtOH and
stirred for 4 h at rt. The solvent was removed under reduced pressure, and the reaction mixture
was subjected to column chromatography on silica gel with 1:20 (v/v) MeOH/EtOAc to afford
2b as a red solid (0.31 g, 55% yield). Mp 222-224 °C; FT-IR (dry film, cm™): 3422 (w), 2964-
2657 (br), 2203(s), 2181 (s), 1752 (s), 1663 (m), 1614 (s), 1599 (s); *H NMR (200 MHz, DMSO-
de) 6: 7.86 (d, J=1.6 Hz, 1 H), 7.82 (s, 1 H), 7.04 (d, J= 8.6 Hz, 1 H), 5.98 (s, 1 H), 3.28 (s, 3 H),
1.58 (s, 6 H); *C NMR (101MHz, DMSO-ds) &: 192.7, 185.2, 178.1, 167.4, 166.8, 162.7, 147.5,
140.0, 130.3, 122.7, 119.0, 117.9, 107.2, 86.3, 72.3, 60.3, 45.8, 36.4, 29.6, 27.0, 8.6; MALDI-
TOF (m/z): [M]"calcd for C20H1sN304: 361.1063; found: 361.0939.
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2-[(1-Methyl-5-carboxy-3,3-dimethyl-1,3-dihydro-2H-indol-2-ylidene)methyl]-3-
[cyano(ethoxycarbonyl)methylidene]-4-oxo-cyclobut-1-en-1-olate (2c): 1b (0.5 g, 1.3 mmol),
ethyl cyanoacetate (0.28 g, 2.5 mmol), and NEts (0.65 mL) were taken in a 50 mL round
bottomed flask and 25 mL of EtOH added and stirred for 24 h at rt. The reaction mixture was
concentrated under reduced pressure, and the resulting solid residue was purified by column
chromatography on silica gel with 1:20 (v/v) MeOH/EtOAc to obtained as a red solid (0.27 g,
50% vyield). Mp 244-246 °C; FT-IR (dry film, cm™ ): 3453 (w), 2961-2856 (br), 2189 (s), 1744
(s), 1683 (m), 1610 (m), 1551 (s); *H NMR (500 MHz, DMSO-d) &: 7.82 (d, J= 7.6 Hz, 1 H),
7.7 (d, J= 6.7 Hz, 1 H), 7.1 (s, 1 H), 6.26 (s, 1 H), 4.05 (q, 12.8 Hz, 2H), 3.28 (s, 3 H), 1.58 (s, 6
H), 1.17 (t, 3H); *C NMR (126 MHz, DMSO-ds) &: 192.1, 181.7,180.0, 168.5, 167.4, 166.1,
160.0, 147.7, 140.3, 130.2, 122.5, 106.5, 91.8, 58.6, 58.5, 45.1,45.5, 29.6, 29.0, 27.2, 14.7, 8.6;
MALDI-TOF (m/z): [M]*calcd for C22H20N20s: 408.1321; found: 408.0555.
2-[(1-Methyl-5-carboxy-3,3-dimethyl-1,3-dihydro-2H-indol-2-ylidene)methyl]-3
[cyano(octoxycarbonyl)methylidene]-4-oxo-cyclobut-1-en-1-olate (2d): 1b (0.5 g 1.3 mmol),
octylcyanoacetate (0.28 g, 2.5 mmol), and NEts (0.65 mL) were mixed in a 50 mL round
bottomed flask and 25 mL of EtOH was added to it and stirred for 24 h at rt. Then the solvent
was removed under reduced pressure, and the solid residue was purified by column
chromatography on silica gel with 1:20 (v/v) MeOH/EtOAc to obtain 2d as a red solid (0.26 g,
40% vyield). Mp 199-201 °C; FT-IR (dry film, cm™ ): 3409 (w), 2961-2854 (br), 2188 (s), 1744
(s), 1683 (w), 1609 (s), 1552 (s); *H NMR (200 MHz, DMSO-ds) &: 7.85 (d, J= 7.6 Hz, 1 H),
7.82 (d, J=6.8 Hz, 1 H), 7.08 (s, 1 H), 6.3 (s, 1 H), 4.05 (q, 12.8 Hz, 2H), 3.29 (s, 3 H), 1.58 (s, 6
H), 1.36-1.15(m, 12 H), 0.85 (t, 3H); *C NMR (101 MHz, DMSO-dg) &: 193.6, 187.4, 180.0,
168.6, 167.5, 165.6, 160.0, 147.7, 140.1, 137.6, 130.2, 122.5, 119.6,106.5, 91.8, 62.7, 62.6, 45.5,
31.3, 29.6, 29.0, 28.7, 27.2, 25.5, 22.1, 14.0, 8.6; MALDI-TOF (m/z): [M]*calcd for C2gH32N20¢:
492.2260; found: 492.2196.

General procedure for the syntheses of cis-configured unsymmetrical squaraine dyes,
PSQ11-15 The corresponding indoium salt (3a-3b) and the respective dicyanovinylene,
cyanoester vinylene appended semi-squaraic acid derivatives (2a-2d) were dissolved in 1-
butanol and anhydrous PhMe(1:1, 6 mL) in a 50 mL two necked round bottom flask and then

charged with Dean-Stark reflux condenser. The reaction mixture was refluxed for 24 h under
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inert atmosphere, cooled to room temperature and the solvents were removed under reduced
pressure. The reaction mixture was subjected to column chromatography (SiO2, 100-200 mesh,
5% MeOH and 95% CHCl,) to afford the required dye.

2-[(5-Carboxy-1,3,3-trimethylindolin-2-ylidene) methyl]-4-[(3-decyl-1-hexyl-3-octyl-3H-
indol-1-ium-2-yl)methylene]-3-(dicyanomethylene)cyclobut-1-en-1-olate (PSQ11): Started
with 0.15 g (0.41 mmol) of 2b and 0.25 g (0.41 mmol) of 3a. Product obtained: 0.23 g, Yield:
75%; Mp 268-270 °C; FT-IR (dry film, cm™): 2964-2853 (br), 2196 (s), 2179 (s), 1721 (s), 1681
(s), 1622 (m), 1477 (s); *H NMR (400 MHz , CDCls) &: 7.97 (d, J = 7.6 Hz, 1 H), 7.93 (S, 1 H),
7.33 (d, J=7.2 Hz, 2 H), 7.27-7.20 (m, 2 H), 7.16 (d, J = 8 Hz, 1 H), 6.54 (s, 1 H), 6.32 (s, 1 H),
4.08 (brs, 2 H), 3.49 (s, 3H), 2.92 (br s, 2 H), 1.88 (m, 2 H), 1.64 (s., 6 H), 1.38 — 0.96 (m, 32
H), 0.796 — 0.62 (m, 11 H), 0.42 (m, 2 H); *C NMR (101MHz , MeOH-d4) &: 177.8, 174.4,
174.2, 172.7, 169.5, 169.1, 166.1, 148.1, 145.1, 143.1, 140.8, 132.2, 129.7, 127.7, 127.1, 124.7,
123.7,120.1, 120.0, 116.7, 112.5, 110.8, 91.9, 90.3, 61.0, 46.1, 40.8, 40.4, 40.3, 35.1, 33.3, 33.2,
32.9, 32.3, 32.0, 31.0, 31.0, 30.8, 30.6, 30.6, 30.5, 30.4, 30.3, 30.2, 30.2, 29.9, 29.9, 29.2, 27.7,
27.6, 26.3, 24.7, 24.5, 239, 23.8, 14.8, 14.7, 14.6; MALDI-TOF (m/z): [M]*calcd for
Cs3H70N403: 810.5448; found: 810.4728.

4-[(5-Carboxy-3-decyl-1-hexyl-3-octyl-3H-indol-1-ium-2-yl)methylene]-3-
(dicyanomethylene)-2-[(1,3,3-trimethylindolin-2-ylidene)methyl]cyclobut-1-en-1-olate
(PSQ12): Started with 0.22 g (0.52 mmol) of 2a and 0.33 g (0.52 mmol) of 3b. Product
obtained: 0.29 g, Yield: 68%; Mp 182-184 °C; FT-IR (dry film, cm™): 2954-2854 (br), 2196 (s),
2179 (s), 1721 (w), 1682 (w), 1612 (w), 1495 (s); *H NMR (400 MHz , CDCls) &: 7.99 (d, J =
8.4 Hz, 1 H), 7.87 (S, 1H), 742 (d,J=7.2Hz, 1 H), 7.34-7.16 (m, 3H), 7.17 (d, J=8.4 Hz, 1
H), 6.43 (s, 2 H), 3.98 (br s, 2 H), 3.62 (s, 3 H), 2.90 (br s, 2 H), 1.82 (m, 2 H), 1.66 (s., 6 H),
1.31 — 1 (m, 32 H),0.81 — 0.7 (m, 11 H), 0.47 (m, 2 H); *C NMR (101MHz ,MeOH-d,) &:
182.3, 177.9, 176.5, 170.4, 169.4, 166.0, 165.2, 149.6, 143.9, 143.8, 132.1, 129.7, 127.1, 124.7,
123.5, 120.2, 112.6, 110.7, 90.7, 59.5, 51.5, 45.4, 40.6, 35.1, 33.3, 33.2, 33.0, 32.8, 31.0, 30.9,
30.9, 30.7, 30.6, 30.6, 30.4, 30.3, 30.2, 30.1, 30.0, 29.8, 29.7, 28.8, 27.7, 26.8, 26.2, 24.6, 24.4,
23.9, 23.9, 23.7, 14.7, 14.6, 14.5; MALDI-TOF (m/z): [M]'calcd for Cs3H7oN4O3: 810.5448;
found: 810.4498.
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2-[(5-Carboxy-1,3,3-trimethylindolin-2-ylidene) methyl]-4-[ (5-carboxy-3-decyl-1-hexyl-3-
octyl-3H-indol-1-ium-2-yl)methylene]-3-(dicyanomethylene)cyclobut-1-en-1-olate (PSQ13):
Started with 0.22 g (0.62 mmol) of 2b and 0.39 g (0.62 mmol) of 3b. Product obtained: 0.26g,
Yield: 50%; Mp 266-268 °C; FT-IR (dry film, cm™): 2956-2854 (br), 2197 (s), 2179 (s), 1721
(s), 1682 (s), 1605 (s), 1474 (s); *H NMR (200 MHz , CDCls) &: 8.35 (br s, 1 H), 8.11 (br s, 2 H),
8.03 (brs, 1H),7.38(d, J=9.2Hz, 2 H), 6.64 (brs, 1 H), 6.53 (brs, 1 H), 4.16 (br s, 2 H), 3.68
(s, 3H),3.01 (brs, 2H),2.03(m, 2H), 1.79 (s, 6 H), 1.37 — 1.09 (m, 32 H), 0.89 - 0.79 (m, 11
H), 0.57 (m, 2 H); *C NMR (126 MHz , CDCl) &: 172.8, 172.3, 172.0, 171.9, 169.1, 168.3,
168.1, 148.1, 146.9, 142.4, 139.7, 131.3, 125.6, 125.2, 124.2, 118.5, 109.7, 109.4, 91.9, 90.8,
68.5, 66.0, 58.8, 48.9, 45.0, 41.6, 39.6, 31.9, 31.8, 31.5, 29.5, 29.4, 29.3, 29.3, 29.0, 28.9, 28.9,
27.6, 26.7, 26.5, 23.8, 22.6, 22.6, 22.4, 14.1, 13.9; MALDI-TOF (m/z): [M]'calcd for
Cs4H70N4Os: 854.5346; found: 854.4550.

2-[(5-Carboxy-1,3,3-trimethylindolin-2-ylidene) methyl]-3-(1-cyano-2-ethoxy-2-
oxoethylidene)-4-[(3-decyl-1-hexyl-3-octyl-3H-indol-1-ium-2-yl)methylene]cyclobut-1-en-1-
olate (PSQ13): Started with 0.1 g (0.19 mmol) of 2c and 0.12 g (0.19 mmol) of 3a. product
obtained: 0.12g, Yield: 70%; Mp 255-257 °C; FT-IR (dry film, cm™): 2954-2854 (br), 2184 (s),
1717 (w), 1678 (s), 1614 (w), 1475 (s); *H NMR (500 MHz , CDCls) &: 8.07 (t, J = 13.5 Hz, 1
H), 7.98 (br s, 1 H), 7.83 (s, 1 H), 7.38 (t, J = 15.5 Hz, 1 H), 7.34-7.32 (m, 1 H), 7.28-7.26 (m, 1
H), 7.12 (t, J = 14.5 Hz, 1 H), 7.08 (br s, 1 H), 6.97 (d, J =8 Hz, 1 H), 4.26 (m, 2 H), 4.19 (m, 2
H),3.62 (br s, 3 H), 2.98(br s, 3 H), 2.0 (t, J = 22 Hz, 2 H), 1.84-1.72 (m, 6 H), 1.5 -1.06 (m, 32
H), 0.91 — 0.78 (m, 11 H), 0.49 (m, 2 H); C NMR (126 MHz ,CDCls) &: 172.8, 172.3, 172.0,
171.9, 169.1, 168.3, 168.1, 148.1, 146.9, 142.4, 139.7, 131.3, 125.6, 125.2, 124.2, 118.5, 109.7,
109.4, 91.9, 90.8, 68.5, 66.0, 58.8, 48.9, 45.0, 41.6, 39.6, 31.9, 31.8, 31.5, 29.5, 29.4, 29.3, 29.3,
29.0, 28.9, 28.9, 27.6, 26.7, 26.5, 23.8, 22.6, 22.6, 22.4, 14.1, 13.9; MALDI-TOF (m/z):
[M]*calcd for CssH7sN3O0s: 857.5707; found: 857.4863.

2-[(5-Carboxy-1,3,3-trimethylindolin-2-ylidene) methyl]-3-(1-cyano-2-octoxy-2-

oxoethylidene)-4-[(3-decyl-1-hexyl-3-octyl-3H-indol-1-ium-2-yl)methylene]cyclobut-1-en-1-
olate (PSQ13): Started with 0.1 g (0.17 mmol) of 2d and 0.1 g (0.17 mmol) of 3a. Product
obtained: 87 mg, Yield: 55%; as green sticky gum. FT-IR (dry film, cm™): 2954-2854 (br), 2185
(w), 1717 (w), 1679 (w), 1612 (w), 1475 (s); *H NMR (500 MHz , CDCls) §: 8.07 (d, J=8 Hz, 1
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H), 7.97 (s, 1 H), 7.83(br s, 1 H), 7.40-7.24 (m, 3 H), 7.12 (t, J = 14 Hz, 1 H), 7.06 (br s, 1 H),
6.98(d, J = 8.4 Hz, 1 H), 4.18 (br s, 3 H), 3.61 (br s, 2 H), 3.23 (q, 15 H), 2.97 (br s, 2 H), 2.36
(br's, 2 H),2 (m, 2 H), 1.8-1.6(m, 6 H), 1.47 (t, J = 17.6 Hz, 2 H), 1.34-1 (m, 32 H), 0.9 — 0.78
(m, 11 H),0.48 (m, 2 H); C NMR (126 MHz ,CDCl3) &: 179.0, 179.0, 171.1, 170.8, 168.5,
166.7, 143.5, 143.3, 139.6, 139.4, 131.1, 130.7, 129.2, 127.9, 125.2, 125.1, 123.5, 122.3, 122.2,
110.4, 110.3, 96.3, 90.9, 66.8, 63.9, 63.8, 59.2, 46.3, 45.3, 45.0, 39.3, 39.3, 34.0, 31.7, 31.7, 31.6,
31.4, 31.2, 30.1, 29.5, 29.5, 29.4, 29.3, 29.3, 29.2, 29.1, 28.9, 28.9, 27.6, 27.4, 27.0, 26.9, 26.5,
26.4, 25.9, 25.8, 24.6, 23.7, 23.6, 22.5, 22.4, 22.4, 22.3, 13.9, 13.9, 13.8, 13.7, 13.6; MALDI-
TOF (m/z): [M]*calcd for Ce1Hs7N3Os: 941.6646; found: 941.6144.
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4.1 Introduction

Among the various components in dye-sensitized solar cells, dye plays an important role in
increasing the light harvesting efficiencies of the device, as other components helps in separating
and transporting the charges and regenerating the dyes.? Hence convergence of synergistic
effects from all the components is important for the higher device performance.® The
photophysical properties of organic dyes can be dwelled judiciously due to the careful choice of
electronic nature of dye components. D-n-A,* D-A-n-A° dyes have been designed and showed
the device performance in the visible and far-red region. Further to enhance the photocurrent,
NIR absorbing dyes are desirable and development of such NIR absorbing dyes is challenging
owing to their photostability and aggregation properties. Aggregation of dyes facilitates the
charge hopping between the photoexcited and ground state molecules rather injecting to the
conduction band of TiO, surface, which reduces the device performance. Phorphyrin,5®
phthalocyanine®!® and squaraine dyes have been utilized to absorb the NIR region of the solar
spectrum, the device performances were drastically reduced due to the dye-aggregation on the
TiO, surface.** Hence tremendous efforts have been pursued to overcome the dye aggregate
issue, and the high efficiency phorphyrin and phthalocyanine dyes have reached the device
efficiencies of 12.7%, 6.4% by judicious design principles that avoids aggregation of dyes by
invoking alkyl groups as an integral part of the dye. Unsymmetrical SQ dyes showed the DSSC
device efficiency of 4.5%'? which can be improved further by extending the conjugation by -
spacer. In this way YR6,: JD10,}* DTS-CA! dyes showed the device performance of
6.7%,7.6% and 8.9% respectively.

As a structural variance, highly electron withdrawing barbiturate,*® dicyanovinyl and
cyanoestervinyl units appended squaraine units provides a cis-configured squaraine dyes with
extended absorption in the NIR region along with enhanced visible transition. Suitably
functionalized cis-configured squaraine dyes, such as SMSQ1a,}” SMSQ1b,Y” HSQ1-5!7-1°
showed the device performance between 3.6-5.66%. Similar effects have been observed in
extended squaraine dyes, dye YR6, unsymmetrical squaraine dyes with thiophene r-spacer, and
cyano acetic acid as anchoring unit showed IPCE responses from visible to NIR regions.
Introducing of out-of-plane branched alkyl group containing unsymmetrical squaraine dyes
showed the importance of controlled aggregation of dyes on TiO, for a better device

performance.?°
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From the previous chapters, systematic structure-property relationship analyses of
unsymmetrical squaraine dyes inferred the following for a better device performance. (i) DSSC
device performance can be modulated by positioning the out-of-plane alkyl groups and the
nature of w-spacer, (ii) Cis-configured squaraine dyes suitably functionalized out-of-plane alkyl
groups has also showed better device performances. Hence, the present chapter discusses the dye
design that combine effects of both (i) extending the r-conjugation and (ii) cis-configured dyes
with suitable branched alkyl groups to control the aggregation of dyes on the TiO> surface. The
present dye design helps to enhance the absorption property of the dye from visible to NIR
regions (Figure 4.1). Further to understand the dye orientation, a direct acid and cyanoacetic
acid anchoring groups were incorporated in PSQ21 and PSQ22 dyes. This chapter will discuss
the importance of cis-configured squaraine unit and the effect of extended conjugation and

A2 , (e)
Q\)’b‘ : ) # P
6\52’ i m
[ — - spacer ‘ )

anchoring group.

(a)

Squaraine

Combining these (g

n- spacer two effects s e
Anchoring . Anchoring Anchoring Qi\\q ijq
group group group by in and out-of-plane alkyl
Extended Conjugation Extended Conjugation Extended absorption towards NIR cis branching
o . Controlling the dye assembly
Visible transtion Enhanced Visible Absorption Enhanced visible transtion (H and J aggregation) on the surface

R R = _of- i
R out-of-plane branching (d) - spacer with )
(b) D Ko anchoring group
R «—in-plane alkyl group e
I \_J~¢°Curvature due to cN
. - wsarl A~
Cis configuration w OH n-spacer Ne—
NC._CN of £ g he ab
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(c) A //é\ HSQ@Q in the NIR region along 8,7
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HOMO and
LUMO
Extending the absorption in the NIR region along Ho' ©  psqz1

with visible absorption

Figure 4.1 D-A-D-z-Anchoring group dyes based on cis-configured unsymmetrical squaraines
dyes, b) in-plane and out-of-plane branching on indoline, (c) cis-configuration of substituted
squaraine backbone (d) curvature due to m-spacer, (e) schematic representation of mode of
anchoring on TiO> surface, and (f) z-extended of alkyl functionalized unsymmetrical squaraine

dyes, PSQ21-22.

4.2 Results and Discussions
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4.2.1 Synthesis of cis-configured Squaraine Sensitizers
The following three general synthetic transformations were carried out for the synthesis of
PSQ21-PSQ22 dyes.

(1 Synthesis of bromo derivatives of the unsymmetrical cis-configured squaraine

dye.

(i) Microwave mediated Suzuki coupling of bromo functionalized squaraine

derivative and boronic acid containing thiophene spacer and
(1ii) Finally installing the anchoring group by Knoevenagel condensation for PSQ22.

Indolenine functionalized with branched alkyl group, 2a has been synthesized by a
Fisher-indole synthesis. The indolenine derivative was converted into indolium salt, 3a by
reacting with hexyl iodide. Further the corresponding bromo indolium salt, 3b was converted
into semisquaraine derivative, 4 which was then condensed with malanonitrile to provide the
semisquaric acid derivative appended with dicyanovinylene unit, 5 in the presence of EtOH and
NEts. The branched alkyl group containing indolium salt, 3a and the semisquaraine derivative, 5
were condensed under Dean-Stark experimental reaction conditions to afford the bromo
derivative of cis-squaraine derivative, 6. Under the microwave reaction condition the cis-
squaraine derivative, 6 was coupled with 5-carboxylthiophene-2-boronic acid pinacol ester in the
presence of Pd(dppf)Cl2, K:CO3 in PhMe: MeOH (1:1) to afford the final dye PSQ21 in

moderate yield.

On the other hand, in order to install the cyanoacetic acid anchoring groups, the squaraine
derivative, 6 was coupled with 5-formyl-thiophene-2-boronic acid in the presence of
Pd(dppf)Cl., K2CO3 in PhMe: MeOH (1:1) to afford the aldehyde derivative, 8 in good yield in
15 min. Further, the aldehyde precursor was condensed with cyano acetic acid in the presence of
piperidine provided the PSQ22 in moderate yield (Scheme 4.1). These molecules were

characterised by *H, *C NMR spectroscopy and mass spectrometric analyses.
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Scheme 4.1 Synthesis of branched alkyl group containing z-extended cis-configured D-A-D-n-A

squaraine dyes, PSQ21-22

4.2.2 Photophysical Properties

The optical properties of PSQ21-22 were analyzed through UV-Vis absorption spectra in CHCl;

which showed in Figure 4.2a and summarized in Table 4.1. Dye PSQ21 with carboxylic acid

anchoring group possesses a strong ICT absorption at 705 nm (g ~1.5x10°M™cm™) with a visible

transition at 390 nm (g ~3.4x10*M*cm™). Dye PSQ22 with cyanoacetic acid anchoring group
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exhibited intense absorption at 715 nm (g ~2.3x10°M"cm™) and a visible absorption at 450 nm
(e ~4.5x10*M1ecm™) and 396 nm (¢~5.4x10*M*cm-1). The ICT band at 715 nm which was about
72 nm red shifted from the parent squaraine dye (SQ1) along with enhanced transition at 450 nm.

The emission spectra of PSQ21-22 dyes are illustrated in Figure 4.2b, upon excitation at
670nm, PSQ21 showed an emission maximum at 719 nm and PSQ22 showed an emission
maximum at 730 nm. The Stokes shift of ~14-15 nm has been observed for PSQ dyes. It showed
that there may be significant change in dipole moment in the excited states.
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Figure 4.2 Optical properties of PSQ21-22 dyes. a) UV-vis absorption spectra in CHCIz, (b)
Normalized emission spectra in CHCIs (excitation wavelength: 670 nm) (c) Normalized
absorption spectra on thin film of TiO», thickness = 6 um, dipping time = 30 min, and [PSQ] =
0.1 mM in CHxCly, (d) LHE (%) on TiO> thin film recorded after 12 h dipping in 0.1 mM
solution in CH2Cl.

The optical band gap (Eg, opt) of these dyes were calculated from the intersection of UV-

vis absorption and fluorescence curves using the formula Eg, opt = 1240/ A. Eg, opt for PSQ21-22
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were between 1.74 -1.71 eV. Fluorescence quantum yield (¢) was measured in dichloromethane
via relative method and it shows the decreasing order of [PSQ21] (0.61)> [PSQ22] (0.59). To
understand the self-assembly of dyes on the TiO; surface, UV—vis absorption studies of PSQ21-
22 chemisorbed on thin TiO2 surface was carried out (Figure 4.2c). Dye PSQ21 on TiO> showed
a broad peak centered around 709 nm (monomer) along with the appended blue shifted peak at
646 nm (H-aggregation). However for PSQ22 along with monomer (715 nm), H-aggregate (654
nm), a moderate intense peak was appended at 455 nm. Further, the absorptance profile indicated
that PSQ22 possess better harvesting nature than the PSQ21 and it is due to the presence of
different anchoring groups which enhances the dye-dye interaction on the TiO> surface.

(a) (b)

—PS5Q 21 at 714 nm
—PS5Q 22 at 714nm
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Figure 4.3 Optical properties of PSQ21-22 dyes on AlLOs surface. (a) Normalized LHE on
Al>O3 thin film recorded after 12 h dipping in 0.1 mM solution in CH2Clz. (b) Normalized

I-

emission spectra on thin film of Al>Os, excitation wavelength: 714 nm, thickness = 6 um,

dipping time = 12 h and [PSQ] = 0.1 mM in CHCl.. (c) Possible arrangements of PSQ dyes on
the surface for the observed H and J- type aggregations.
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Further, emission studies on Al,Os surfaces have been carried out to understand the
emission properties of PSQ21-22 dyes. Since, Al2Os is an insulator, carrying out the emission
study on the AlOz provides the information about the organization of dyes. There were two
emission peaks appeared at 780 and 823 nm by exciting wavelength at 714 nm for the squaraine
dyes PSQ21-22. Short discussion on the sharp emission peak at 823 nm is note worthy, as it may
arise from the J-aggregate due to the structural features of PSQ21-22, the unsymmetrical nature
and heavily alkylated on the one side of the dye helps to form a stable monolayer of dyes on the
anatase {101} facet by forming a slipped structure. The intensity of J-aggregate emission for
PSQ22 is more for PSQ21 due to the presence of different anchoring group which is showed in

Figure 4.3.

On the other hand the ratio Of Imonomer/ls-aggregate Was showed the different arrangement
which exploited on the surface for these PSQ dyes. Emission spectrum for PSQ21 on AlOs
showed the monomer emission at 780 nm and the sharp J-aggregate emission at 823 nm. PSQ22
dye, showed the Imonomer/lsaggregate ratio of 0.72 which exhibited less monomer formation
compared to PSQ21 that possess the Imonomer/l3-aggregate ratio of 1.20 (Table 4.1).
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Figure 4.4 Emission spectra of PSQ21-PSQ22 dyes (a-b) on AlLOs (black line) and TiO>

(redline), excitation wavelength: 714 nm.

Furthermore the emission from J-aggregate formation is more predominant compared to
monomer formation in case of PSQ22. The Imonomer/l1-aggregate ratio for PSQ21 and PSQ122 were

comparable as both the dyes are functionalized with N- and sp3-C out-of-plane alkyl groups, n-
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spacer on the indoline moiety including different anchoring units. In addition to emission study
on AlOs, emission from dye adsorbed TiO: also monitored and the changes in radiative
emission of dyes were compiled in Figure 4.4. The reduced fluorescence intensity on TiO:
indicates the facile charge injection from LUMO of the dyes PSQ21-22 to conduction band of
TiO>.

Table 4.1 Emission properties of PSQ21-22 on Al>Os at excitation wavelength of 714 nm

Dye Maximum Amax Of Maximum  Fluorescence  Fluorescence Imonomer/ 13-
monomer on Amax Of J- Intensity of  Intensity of J- aggregate
Al203(nm) aggregate ~monomer on  aggregate on
on AlLO3 Al,O3
AlO3(nm)
PSQ21 780 823 1 0.83 1.20
PSQ22 796 823 0.72 1 0.72

4.2.3 Electrochemical Characterization

The electrochemical properties for PSQ21-22 sensitizers were characterized by differential pulse
voltammetric analysis (DPV) to understand the feasibility of charge injection from the excited
dye into conduction band of the TiO> and the dye regeneration by the electrolyte (Figure 4.5 and
Table 4.2). The HOMO energy level of PSQ21 and PSQ22 were 0.81 V and 0.82 V vs NHE,
respectively. The more oxidation potential of PSQ21-22 than the electrochemical potential of 17/
Is™ redox couple (0.4 V vs NHE) which supports for the feasible regeneration of oxidized dye
(400-410 mV). PSQ21-PSQ22 dyes the Eox was around 0.81-0.82 V vs NHE, suggests that the
changes in different anchoring group do not make significant difference. The optical energy gaps
(Eo0) was calculated from the intersection of absorption and emission spectra and PSQ21-
PSQ22 dyes showed optical band gap between 1.74-1.71 eV. The LUMO energy level of PSQ21
and PSQ22 was found at — 0.93 V and —0.89 V vs NHE, respectively. The LUMO energy level
of PSQ21-PSQ22 series were calculated by subtracting Eo-o from Exomo and that results showed
more negative than Ecg of TiO2 (0.5 V vs NHE), which helps efficient electron injection (392-

430 mV) from the excited state of the sensitizer to the TiO2 conduction band.
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Figure 4.5 Electrochemical properties of PSQ21-22 dyes. (a) Differential pulse voltammetry for

PSQ21-PSQ22 dyes and (b) Energy level diagram of PSQ dyes (V vs NHE) with  TiO», and
electrolyte (I/ 13).

Table 4.2 Photophysical and electrochemical properties of PSQ21-22

Asmax ELumo

e e 10T oM B
Dye nm@ temtyP emission (Vs (Vvs .

/nm® TiO, NHE'  \HEy V)

PSQ21 705 15 719 709 0.812 -0.930 1.74
390 0.34 646

PSQ22 715 2.3 730 715 0.818 -0.892 1.71
450 0.42 654
396 0.54 455

3UV-vis absorption in CH2Cl.. "Molar extinction coefficients of far-red and visible absorptions.
*Emission studies in CH2Cl, . 9On thin film of TiO2, thickness = 6 um, dipping time = 30 min,
and [PSQ] = 0.1 mM in CHCIz. ®Eromo of PSQ 21-22 in CH2Cly, Fc*/Fc was used as external
standard and potential measured vs Fc/Fc* (eV) were converted to NHE (V) by addition of 0.7 V.
"ELumo levels were measured by subtracting Exowmo from Eo.o. 9Eo-o deduced at the intersection of

absorption and emission spectra using the equation Eoo (eV) = 1240/\.
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4.2.4 Density Functional Theory (DFT) Calculations

To gain insight into the electronic structures of PSQ21-PSQ22 dyes, their ground state
geometries and energies were fully optimized using density functional theory (DFT) by
B3LYP/6-31G** level with the Gaussian 09 program. Energy minimized structures of PSQ31
and PSQ32 were presented in Figure 4.6. The isosurface plots of six selected frontier molecular
orbitals and theoretical energy level of HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and
LUMO+2 were depicted in Figure 4.7. In PSQ21-22 dyes, the localized electron density of
HOMO was over the dicyanovinyl groups in addition to the squaraine unit, while the electron
distribution of HOMO-1 and HOMO-2 were delocalized over squarate derivatives which contain
electron withdrawing group, indolenine units and =-spacer. The LUMOs are delocalized along
the backbone of the molecules, and the LUMO+1 is located on the central core with the
carboxylate-substituted indolinium moieties through =-spacer. Such electron distribution in
HOMO and LUMO or LUMO+1 suggests the effective electron transfer from donor to TiO>
through anchoring unit.

Figure 4.6 Energy minimized structures of (a) PSQ21, and (c) PSQ22
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Figure 4.7. Isosurface plots of selected frontier orbitals (HOMO, HOMO-1, HOMO-2, LUMO,
LUMO+1, LUMO+2) of PSQ21 and PSQ22. Fully optimised at DFT B3LYP/6-31G** level.

(Isovalue set to 0.036 a.u.)

4.2.5 Photovoltaic Studies of PSQ21-22

DSSC device fabrication has been carried out by utilizing 1713 electrolyte. The current density-
voltage (J-V) plot and IPCE trace of the devices for the PSQ21-22 dyes are shown in Figure 4.8
(Table 4.3). DSSC device with the dye PSQ21 and PSQ22 showed the device performance of
5.15% (Vo 0.569V, and Jsc 13.54 mA/cm?) and 5.15% (Voc 0.569V, and Jsc 13.54 mA/cm?)
respectively. However by the addition of 10 equiv. of co-adsorbent CDCA enhanced the device
performance to 7.0% for PSQ21 and 6.93% for PSQ22 by controlling the aggregation of dyes on
TiO> surface. The variation of device performance in the presence of CDCA indicated that the
aggregation of dyes on the TiO- surface can be minimized with the definite contribution from the

aggregated state. The enhanced device performance has been observed up to 10 equivalents of
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CDCA, addition of further CDCA leads to reduction in photocurrent due to reduced amount of
dyes on the surface.
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Figure 4.8 1-V and IPCE characterization of PSQ21-22 dyes. (a and ¢) and (b and d) I-V and
IPCE curves for PSQ21-22 in presence and absence of CDCA (TiO: electrode thickness = 8 + 4
um (transparent+scattering layer), area =0.22 cm?, [Dye] = 0.1 mM in CHCls, dipping time 12 h

at rt, electrolyte: iodolyte Z-50 from Solaronix).

IPCE profiles of PSQ21-22 sensitized DSSCs demonstrates a panchromatic response,
particularly PSQ22 which exhibited IPCE of over 60 % throughout the solar spectrum up to 800
nm and has onset at 850 nm. PSQ21 showed IPCE response of over 75% between 400-750 nm
with a sharp dip at 540 nm, and it is interesting to note that PSQ21 and PSQ22 differs only the
nature of anchoring group being more electron withdrawing cyanoacetic acid for PSQ22 than the
carboxylic acid anchoring group for PSQ21. The panchromatic response of PSQ21-22 dyes
comprises of contribution from H-aggregate (646 nm for PSQ21 and 630 nm PSQ22) and J-
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aggregate (741 nm for PSQ21 and 759 nm for PSQ22) besides contribution from monomer and

visible transition (400-550 nm).

Table 4.3 Photovoltaic parameters for PSQ21-22

Chapter 4

Dye Jsc (MA/cm?) Voe ff n
(V) (%) (%)
PSQ21 13.33£0.21 0.567+0.003 67.13+0.22 5.15+0.08
PSQ21: CDCA (1:5) 14.87+0.07 0.574+0.001 67.05£0.05 5.72+0.02
PSQ21: CDCA (1:10) 17.07+0.14 0.577+0.002 70.35£0.15 6.93x0.07
PSQ21: CDCA (1:20) 15.81+0.06 0.594+0.003 70.62+0.11 6.63x0.07
PSQ22 11.99+0.12 0.575+0.003 69.82+0.31 4.81+0.09
PSQ22: CDCA (1:5) 14.37+0.04 0.568+0.001 70.31+£0.20 5.74+0.04
PSQ22: CDCA (1:10) 16.93+0.13 0.579+0.002  69.83+0.22 6.84+0.09
PSQ22: CDCA (1:5) 14.20+0.05 0.594+0.003  70.65+0.05 5.96+0.05

aTiO2 electrode thickness = 8 + 4 um (transparent + scattering layer), area =0.22 cm?, [Dye] = 0.1
mM in CHCIs, dipping time was 12 h at rt, electrolyte was iodolyte Z-50 (Solaronix) and

summarize the result of best six devices with deviation.

4.2.6 Electrochemical Impedance Analysis

To correlate 1-V characteristics with charge transfer dynamics, the PSQ21-22 device cells were
characterized by various applied potential and evaluated the current through it as a function of
frequency in dark conditions. For DSSC, Vo is the potential difference between quasi- Fermi
level of electron in the TiO; (Ern) and the fermi level of redox potential of electrolyte (Er, redox)
(Eq 4.1). Electrochemical impedance spectroscopy (EIS) studies have been carried to understand
the interfacial charge recombination dynamics between various interfaces in a DSSC device.

Voc = E(F,redox) - E(F,n) (4-1)

The Nyquist plots of two dyes are shown in Figure 4.9a. Herein there are three

semicircles associated with the charge transfer processes in a typical DSSC Nyquist plot. The
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first high frequency region represents charge transfer at the interface of the counter
electrode/electrolyte, the mid frequency of large semicircle represents the charge transfer process
occurs at the interface of TiO2-dye/electrolyte and the third at low frequency part represents ion
diffusion resistance or Warburg diffusion coefficient in the electrolyte. The larger semicircle at
lower frequencies in Nyquist plots represents the interfacial charge-transfer resistances (Rc) at
the TiO2-dye/electrolyte interface (Figure 4.9 and table 4.4). The fitted recombination
resistance (Rct) value of PSQ sensitized devices (under an applied bias of -0.47 V) increases in
the order of PSQ22 (10.2 Q) <PSQ21 (11.3 Q). Larger the R value, slower is the
recombination of electrons from the conduction band of TiO> to the oxidized 13™ species in the
electrolyte. The electron lifetime(s) on TiO2 were calculated from R¢ and chemical capacitance
Cy using © = RuxCy. The longer electron lifetime in PSQ21 cell sensitized further supports the
higher performance of PSQ21 (16.95 ms) compared to PSQ22 (13.26 ms) based cells.

(a) (b)

15 48

-—PSQ 21
12 a=PsQ 22 40
— 32

— gl E
.g 'g 24 ]
2 6 s 16
= i h
N ;3 8

0 ' . . . 0 v v v v

0 10 20 30 40 50 0.39 0.42 0.45 0.48 0.51

Z' (ohm) Applied Potential (V)

R ) ‘o (d)
i 1_5: / 424
£ 1 - )
‘-q—; 1.2 # E 354
o 1 / ~— 928
C 0.94 o \
s E 2
6 0.6 "q'; \_
@© | e 144
& 0.3 - 7]
O ]

039 042 045 048 0.51 039 042 045 048  0.51
Applied Potential (V) Applied Potential (V)

Figure 4.9 Impedance analysis of PSQ21-22 dyes: (a) Nyquist plot, (b) Ret vs applied potential,
(c) C.vs applied potential and (d) = vs applied potential
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Table 4.4 EIS Parameters of PSQ21-22 dye cells at an applied potential of —0.47 V in the dark

Dyes Applied  Rs(ohm) Ret Cn T (MS)
Potential (ohm)  (mF)
(V)
PSQ21 0.47 12.90 14.92 0.65 9.7
PSQ22 0.47 13.86 10.14 0.38 3.85

4.3 Summary

In summary, a series of w-extended and cis-configured unsymmetrical squaraine dyes PSQ21-22
with two different anchoring groups have been rationally designed and synthesized. Self
assemblies of these dyes have been systematically studied on TiO, and Al>Os surfaces.
Absorption and emission studies on the surfaces indicated that dyes of PSQ21-22 included as
both H- and J-aggregates which helped in broadening the spectral profile. The light harvesting
efficiency profile exhibited PSQ22 is better harvester than that of PSQ21, as both the dyes
containing different anchoring group. DSSC device fabrication of PSQ21 and PSQ22 exhibited
7.0% and 6.93%, respectively in the presence of 10 equivalent of CDCA. Furthermore, the
panchromatic power conversion efficiency profile of PSQ22 over PSQ21 showed the
importance of choice of anchoring groups present in the sensitizers besides alkyl groups based

steric factor covering around the dye which controls the dye aggregation on the surface.

4.4 Experimental Section

4.4.1 Materials and Characterization

For D-A-D dye synthesis and dye cell fabrication, all the reagents and solvents were purchased
from commercial sources were used without further purification unless otherwise noted.
Required precursors 1a, 1b, 2a, 2b, 3a, 3b and 4 were synthesized and reported according to the
previous chapter 2 and 3.2%22 All oxygen- and moisture-sensitive reactions were carried out
under inert atmosphere. *H NMR spectra were recorded on a 200 MHz or 400 MHz or 500 MHz
spectrometers, using CDCls. All chemical shifts were reported in parts per million (ppm). 1 H
NMR chemical shifts were referenced to TMS (0 ppm). *C NMR chemical shifts were
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referenced to CDClz (77.23 ppm, and recorded on either 100 MHz or 126 MHz NMR
spectrometer). HRMS and MALDI-TOF-MS were recorded on SYNAPT G2 HDM spectrometer
and ABSciex 5800 MALDI TOF mass spectrometer, respectively. UV-vis absorption spectra
were recorded on Analytikjena (SPECORD 210 PLUS) spectrophotometer. For differential pulse
voltammetric analysis (DPV), a three electrode cell was used for and which was performed on
BioLogic SP300 potentiostat. Platinum wire used as a working electrode, a thin platinum foil
was used as a counter electrode, and dyes were dissolved in dry dichloromethane. Measurements
were carried out at the scan rate of 50 mVs™ after addition of 0.1 M of tetra butyl ammonium
perchlorate (TBAP) as the supporting electrolyte and non-aqueous Ag/Ag* (0.01 M in CH3CN)
used as reference electrode. The reference electrode was calibrated by recording the cyclic
voltammograms of ferrocene in the same electrolyte as external standard; the potential values are
on the basis of the estimated value of the ferrocene redox potential in dichloromethane 0.7V
versus NHE. The EIS analysis was performed under dark condition by applying external bias to
dye cells using a BioLogic SP300 potentiostat equipped with frequency response analyzer.
Frequency range was fixed from 1 MHz to 10 mHz with AC amplitude of 10 mV. I-V
characteristics of the dye cells were measured under a solar simulator (PET, CT200AAA) in
clean room conditions, which is controlled by a source measurement unit (Keithley 2420). A
certified 4 cm? silicon solar cell (NREL) was calibrated to an intensity of 1000 W m (xenon
lamp, 450 W, USHIO INC) of a solar simulator (AM1.5 G light). IPCE spectra measurements
were conducted by Newport QE measurement kit including a xenon light source, a
monochromator, and a power meter. The set-up was calibrated using a reference silicon solar cell
before the device measurement.

4.4.2 Device Fabrication Procedure For fabricating photoanode of DSSC, FTO (F-doped SnO-
glass; 6-8 Q/sq) was cleaned sequentially by mucasol (2% in water), deionized water, and
isopropanol using an ultra-sonication for 15 min. A blocking layer of TiO2 was prepared by
dipping cleaned FTO substrate in freshly prepared aqueous 0.05 M TiCl4 solution at 70 °C for 30
min, and washed immediately with deionized water, and followed by annealing in air at 125 °C
for 10 min. And the mesoscopic transparent thin layer (6-8 um thickness) of TiO2 onto buffer
layer modified FTO was coated using TiO2 paste (< 20 nm, Ti-Nanoxide T/SP) by the doctor-
blade technique. Then kept in air for 5 min and annealed at 125 °C in air for 15 min before

coating scattering layer on it. Dyesol, WER2-O paste was used to coat a 4-6 um thick TiO> layer,
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kept in air for 5 min and annealed at 125 °C in air for 15 min. Resulting 0.22 cm? active area
films were sintered at 325 °C for 5 min, 375 °C for 5 min, 450 °C for 15 min and 500 °C for 15
min with heating rate of 5 °C per min in air. After reaching the furnace temperature at 50 °C,
sintered films were treated in TiCls solution as described before. After sintering the layer-by-
layer deposited film again at 500 °C for 30 min, allowed to reach 50 °C and were immediately
immersed in 0.1 mM PSQ21-22 dye solution in chloroform at room temperature for 12 h. The
dye loaded electrodes are washed thoroughly with chloroform, to remove physisorbed molecules.
Successive addition of co-adsorbent 3a,7a-dihydroxy-53-cholanic acid (CDCA) was varied the
concentration of de-aggregating agent in the dye solution and studied the device performance at
2, 5 and 10 equivalents of CDCA. Finally the dye cell was assembled by joining the electrolyte
(lodolyte Zz50) filled photoanode and platinum cathode using a 25 um thick spacer. The

photovoltaic parameters have been evaluated without masking the device.

4.4.3 Synthetic Procedures and Characterization Data

Required precursors 1a, 1b, 2a, 2b, 3a, 3b and 4 were synthesized and reported according to the
previous chapter 2 and 3.
Triethylammonium(E)-2-((5-bromo-1,3,3-trimethylindolin-2-ylidene)methyl)-3-
(dicyanomethylene)-4-oxocyclobut-1-en-1-olate (5): Reaction mixture of 0.55 g (1.36 mmol)
of  3-butoxy-4-[[5-carboxy-(1-methyl-1,3-dihydro-3,3-dimethyl-2Hindol-2-ylidene)]methyl]-3-
cyclobutene-1,2-dione and dicyanomethane (4) (0.1 g, 1.49 mmol), and triethylamine (0.22 mL)
in 10 mL of ethanol were taken in 50 mL round bottomed flask and then reaction mixture was
allowed to stir for 8 h at room temperature. Then the solvent was removed under reduced
pressure, and the solid residue was purified by column chromatography on silica gel with 1:20
(v/v) methanol/dichloromethane to obtain 2 as a red solid (0.4 g, 59% vyield). *H NMR (200
MHz, DMSO-dg) o: 8.91 (br. s., 1 H), 7.54 (d, J = 2.0 Hz, 1 H), 7.36 (dd, J = 2.1, 8.4 Hz, 1 H),
6.95 (d, J =8.5Hz, 1 H), 5.89 (s, 1 H), 3.34 (s, 3 H), 3.22 (s, 3 H), 3.18 - 2.98 (m, 6 H), 1.57 (s,
6 H), 1.25-1.06 (m, 9 H).

(2)-4-((5-Bromo-1,3,3-trimethyl-3H-indol-1-ium-2-yl)methylene)-2-(((Z)-3-decyl-1-hexyl-3-
octylindolin-2-ylidene)methyl)-3-(dicyanomethylene)cyclobut-1-en-1-olate  (6):  Reaction
mixture of 0.67 g (1.35 mmol) triethylammonium (E)-2-((5-bromo-1,3,3-trimethylindolin-2-
ylidene)methyl)-3 (dicyanomethylene)-4-oxocyclobut-1-en-1-olate (5) and 1.0 g (1.62 mmol) 5-
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bromo-3-decyl-1-hexyl-2-methyl-3-octyl-3H-indol-1-ium iodide (3a) were dissolved in 1-
butanol and dry toluene (1:1, 3 mL each) in a 50 mL two necked round bottom flask, dry
pyridine (1.5 equiv.) was added to it and charged with Dean-Stark apparatus. The reaction
mixture was refluxed for 24 h under inert atmosphere. The reaction mixture was cooled to room
temperature and the solvents were removed under reduced pressure. The reaction mixture was
subjected to column chromatography (SiO2, 100-200 mesh, 5% MeOH and 95% CH.ClI,) to
afford the required dye as green colored compound. Yield: 0.85 g, 75%. 'H NMR (400 MHz,
CDCls) 8: 7.47 - 7.42 (m, 2 H), 7.41 - 7.32 (m, 2 H), 7.29 (d, J = 7.3 Hz, 1 H), 7.12 (d, J = 7.9
Hz, 1 H), 6.91 (d, J = 7.9 Hz, 1 H), 6.67 (s, 1 H), 6.43 (br. s., 1 H), 4.11 (t, J = 7.3 Hz, 2 H), 3.57
(br.s., 3 H), 3.08 - 2.80 (m, 2 H), 2.01 (m, 2 H), 1.87 - 1.70 (m, 6 H), 1.53 - 1.08 (m, 30 H), 0.97
- 0.68 (m, 11 H), 0.51 (m, 2 H); *C NMR (101 MHz, CDCls) &: 173.0, 171.9, 170.4, 168.0,
167.8, 165.4, 143.6, 141.9, 139.3, 139.259, 130.8, 128.0, 125.5, 125.1, 122.3, 119.0, 118.9,
116.8, 114.0, 110.7, 110.2, 90.5, 88.7, 59.2, 49.0, 44.8, 40.8, 39.5, 33.8, 31.9, 31.8, 31.7, 31.5,
31.4, 29.6, 29.6, 29.5, 29.4, 29.2, 29.1, 29.0, 28.9, 28.8, 27.6, 26.7, 26.5, 23.7, 22.6, 22.5, 22.4,
14.0, 13.9; MALDI-TOF (m/z): [M]*cald for Cs;HgsBrN4O: 844.4655; found: 844.2513.

(2)-2-(((2)-3-Decyl-1-hexyl-3-octylindolin-2-ylidene)methyl)-3-(dicyanomethylene)-4-((5-(5-
formylthiophen-2-yl)-1,3,3-trimethyl-3H-indol-1-ium-2-yl)methylene)cyclobut-1-en-1-olate
(7): Started with 0.13 g (0.157 mmol) (Z)-4-((5-bromo-1,3,3-trimethyl-3H-indol-1-ium-2-
yl)methylene)-2-(((Z)-3-decyl-1-hexyl-3-octylindolin-2-ylidene)methyl)-3-

(dicyanomethylene)cyclobut-1-en-1-olate (6) was dissolved in 1:1 ratio of toluene and methanol
(total volume 5 mL) in 50 mL microwave reactor vessel and 0.073 g (0.471 mmol) 5-
formylthiopheneboronic acid and 0.22 g (1.57 mmol) K,COs were added to it under N
atmosphere. The solution was purged with nitrogen for 20 min and then 0.013 g (0.0157 mmol)
PdClx(dppf) (0.1 equiv.) was added and the reaction was carried out under microwave condition
at 60 W, 70 °C for 15 min. The reaction mixture cooled to room temperature, and the solvents
were removed under reduced pressure. The reaction mixture was purified by column
chromatography (SiO2, 100-200 mesh 5% methanol and 95% dichloromethane to afford the
required compound. Yield: 0.11 g, Yield: 80%. 'H NMR (400 MHz, CDCls) &: 9.89 (s, 1 H),
7.76 (d, J=3.7Hz, 1 H), 7.66 (d, J =79 Hz, 1L H), 7.57 (5, 1 H), 7.44 - 7.31 (m, 3 H), 7.29 (d, J
=73Hz,1H),7.12(d, J=7.9 Hz, 1 H), 7.06 (d, J = 8.5 Hz, 1 H), 6.68 (s, 1 H), 6.47 (br. s., 1
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H), 4.11 (t, J = 7.6 Hz, 2 H), 3.59 (br. s., 3 H), 3.07 - 2.82 (m, 2 H), 2.01 (m, 2 H), 1.90 - 1.70
(m, 8 H), 1.52 -1.05 (m, 30 H), 0.95 - 0.66 (m, 11 H), 0.56 (m, 2 H); 13C NMR (101 MHz,
CDCls) o: 182.5, 182.4, 173.0, 172.2, 170.1, 168.3, 167.9, 165.0, 153.8, 143.9, 143.5, 142.7,
142.0, 139.4, 137.5, 128.8, 128.1, 126.7, 126.4, 125.3, 123.7, 122.3, 120.1, 119.0, 118.9, 110.3,
109.8, 90.7, 89.2, 59.3, 48.7, 44.9, 40.9, 39.4, 31.8, 31.7, 31.6, 31.5, 31.4, 29.6, 29.6, 29.5, 29.3,
29.2, 29.0, 28.9, 28.8, 27.6, 26.9, 26.5, 24.3, 23.7, 22.6, 22.5, 22.4, 14.0, 13.9; MALDI-TOF
(m/z): [M]*cald for Cs7H72N4O-S: 876.5376; found: 876.3058.

(2)-4-((5-(5-Carboxythiophen-2-yl)-1,3,3-trimethyl-3H-indol-1-ium-2-yl)methylene)-2-
(((2)-3-decyl-1-hexyl-3-octylindolin-2-ylidene)methyl)-3-(dicyanomethylene)cyclobut-1-en-
1-olate (PSQ21): Started with 0.12 g (0.144 mmol) (Z2)-4-((5-bromo-1,3,3-trimethyl-3H-indol-1-
ium-2-yl)methylene)-2-(((Z)-3-decyl-1-hexyl-3-octylindolin-2-ylidene) methyl)-3-
(dicyanomethylene)cyclobut-1-en-1-olate, 6 (1 equiv.) was dissolved in 1:1 ratio of toluene and
methanol (total volume 5 mL) in 50 mL microwave reactor vessel and 0.11 g (0.432 mmol) 5-
carboxylthiophene-2-boronic acid pinacol ester and 0.2 g (0.144 mmol) K>COsz were added to it
under N2 atmosphere. The solution was purged with nitrogen for 20 min and then 0.012 g (0.014
mmol) PdClI>(dppf) was added and the reaction was carried out under microwave condition at 60
W, 70 °C for 15 min. The reaction mixture cooled to room temperature, and the solvents were
removed under reduced pressure. The reaction mixture was purified by column chromatography
(SiO2, 100-200 mesh 5% methanol and 95% dichloromethane to afford the required compound.
Yield: 77 mg, Yield: 60%; *H NMR (400 MHz, CDCls) &: 7.96 - 7.72 (br. s., 1 H), 7.70 - 7.49
(m, 4 H), 7.49 - 7.19 (m, 4 H), 7.18 - 6.94 (m, 2 H), 6.67 (br. s., 1 H), 6.47 (br. s., 1L H), 4.11 (t, J
=7.9Hz, 2H), 3.61 (br.s.,3H),3.11-2.82 (m, 2 H), 2.16 - 1.92 (m, 2 H), 1.92 - 1.74 (m, 6 H),
1.50 - 1.17 (m, 32 H), 1.15 - 0.69 (m, 11 H), 0.64 - 0.42 (m, 2 H); *C NMR (101 MHz, CDCly)
d: 173.1, 171.8, 167.9, 167.8, 165.4, 143.7, 139.4, 139.2, 135.6, 130.9, 129.8, 129.0, 128.0,
126.4, 126.1, 125.1, 123.9, 123.5, 123.4, 122.4, 119.9, 119.1, 119.0, 115.9, 114.0, 110.2, 109.9,
90.6, 89.1, 59.2, 48.9, 44.8, 39.5, 33.8, 31.9, 31.8, 31.8, 31.6, 31.5, 29.7, 29.5, 29.5, 29.4, 29.3,
29.3, 29.1, 29.0, 29.0, 28.9, 27.6, 26.8, 26.5, 23.8, 22.7, 22.6, 22.4, 14.1; MALDI-TOF (m/z):
[M]*calcd for Cs7H72N4O3S: 892.5325; found: 892.3264.

(2)-4-((5-(5-((E)-2-carboxy-2-cyanovinyl)thiophen-2-yl)-1,3,3-trimethyl-3H-indol-1-ium-2-
yl)methylene)-2-(((Z)-3-decyl-1-hexyl-3-octylindolin-2-ylidene)methyl)-3-
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(dicyanomethylene)cyclobut-1-en-1-olate (PSQ 22): Reaction of 0.15 g (0.172 mmol) (Z2)-2-
(((2)-3-decyl-1-hexyl-3-octylindolin-2-ylidene) methyl)-3-(dicyanomethylene)-4-((5-(5-
formylthiophen-2-yl)-1,3,3-trimethyl-3H-indol-1-ium-2-yl)methylene)cyclobut-1-en-1-olate  (6)
was dissolved in dry CH3CN (6 mL) in a 50 mL single necked round bottomed flask, 0.044 g
(0.518 mmol) cyano acetic acid was added and then finally 0.026 g (0.310 mmol) piperidine was
added into it. The reaction mixture was allowed to reflux for 6 h. After the reaction completion,
the solvent was removed and work up with dil. acetic acid and then it was purified by column
chromatography. Yield: 57 mg, 40%; *H NMR (400 MHz, CDCls) &: 8.25 (br. s., 1 H), 7.86 -
7.62 (m, 2 H), 7.56 (br. s., 1 H), 7.48 - 7.22 (m, 4 H), 7.20 - 7.06 (m, 2 H), 6.66 (br. s., 1 H), 6.38
(br.s., 1 H), 4.12 (t, J = 7.6 Hz, 2 H), 3.62 (br. s., 3 H), 2.92 (br. s., 2 H), 2.17 - 1.93 (m, 2 H),
1.91 - 1.67 (m, 6 H), 1.49 - 1.12 (m, 32 H), 1.08 - 0.68 (m, 11 H), 0.62 - 0.34 (m, 2 H); *C NMR
(101 MHz, CDCls) &: 172.5, 167.8, 164.7, 147.1, 143.5, 139.7, 139.4, 139.2, 134.5, 128.5, 128.1,
127.0, 125.4, 124.0, 123.9, 123.4, 122.4, 119.9, 118.7, 116.1, 115.9, 114.0, 110.4, 90.8, 88.9,
59.4, 48.9, 45.0, 39.4, 34.7, 33.8, 31.9, 31.8, 31.7, 31.6, 31.5, 31.4, 30.3, 30.1, 29.6, 29.6, 29.5,
29.4, 29.4, 29.3, 29.2, 29.1, 29.0, 29.0, 28.9, 27.7, 26.9, 26.5, 23.8, 22.6, 22.6, 22.5, 22.4, 14.1,
13.9; MALDI-TOF (m/z): [M]*cald for CeoH73Ns03S: 943.5434; found: 943.3452.
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5.1 Introduction

The previous chapters discuss the importance of TiO2-dye interface which controls the charge
injection and dye regeneration processes. Further, dye-TiO: interface has been established by the
interaction of anchoring groups present in the dye with TiO. surface. Along the line dyes with
multiple anchoring groups performed well compared to the dyes with one anchoring group.t3
Apart from establishing the communication between the dye and TiO», dye orientation on the
surface plays an important role in the charge injection process.*® Dye orientation on TiO;
surface also indicated the possibility of through space electron transfer from dye to TiO..” The
previous chapters have discussed the importance of n-spacer, (Chapter 2) number of anchoring
group in cis-configured squaraine, (Chapter 3) and n-spacer appended squaraine dyes with type
of anchoring group (Chapter 4) besides controlling the aggregation of dyes by properly
functionalized out-of-plane alkyl groups for the device performance (Figure 5.1).

Anchoring group

—
0”7 ~OH

(a) Estabilish the electronic communication between dye and TiO,
(b) Orientation of dye

Figure 5.1 D-A-D-n-Anchoring group based on unsymmetrical squaraines dyes.

Anchoring group:

D- Donor group (electron rich )
A- Acceptor group (electron deficient)

A comprehensive report on the structure and device performance of squaraine dyes,
indicates the importance of alkyl groups and the anchoring groups present in the symmetrical and
unsymmetrical squaraine dyes. Squaraine dyes are versatile as the manipulation of electronic
structure has been realized by having either cis- or trans-conformation by suitable
functionalisation on dyes. Though there have been several derivatives of unsymmetrical
squaraine dyes with improved device performance, the importance of effects of anchoring group
on the squaraine dyes and their device performance is rarely studied. Initially unsymmetrical
squaraine dyes showed the device cell performance in the range of 4 to 5%. For example, dye

MSQ, squaraine dye with carboxylic acid anchoring group showed the device efficiency of
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2.2%,2 and the device performance further enhanced to 5.03% upon exchanging anchoring group
to cyanoacetic acid (SQ-B).>'% However, introducing m-spacer such as thiophene unit between
squaraine unit and cyanoacetic acid group lead to diminish the device performance to 2.67%
(SQ-C).%° Further judicious incorporation of —Ci,Hzs group to SQ-C instead of —~CsHg group
enhances the DSSC device efficiency to 6.74% (YR6).1112 Hence the choice of selecting
anchoring group and alkyl groups present in an unsymmetrical squaraine is very important for
the light efficient dyes for DSSC.*2® Further we have been utilized the out-of-plane branched
alkyl group and extending the conjugation of m-spacer in D-A-D based far red active
unsymmetrical squaraine dyes which favored very important role to enhance the light harvesting
efficiency of PSQ dyes.!* 1°

From the previous chapters, systematic studies were carried out to understand the
structure-property relationship of unsymmetrical squaraine dyes to afford the better device
performance. This significant studies are more favored the following factors such as (i) DSSC
device performance can be varied by functionalisation of branched alkyl groups at sp3C and N-
alkyl position of indolenine units with different m-spacer, (ii) cis-configured squaraine dyes
afforded better device performance with suitably functionalized branched alkyl groups and
extended conjugation of n-spacer with different anchoring groups such as carboxylic acid vs
cyano acetic acid. The present chapter discusses the dye design and systematic investigation of
dye orientation and their aggregation on the TiO2 surface to understand the effect of anchoring
groups with suitably functionalized branched alkyl groups and different -spacer groups on
unsymmetrical squaraine dyes. Herein, a series of unsymmetrical D-A-D-n-A trans-squaraine
PSQ dyes (PSQ31-33) (Figure 5.2) has been designed and synthesised. This chapter discuss
specifically about the effect of anchoring group and the extended conjugation of w-spacer on
unsymmetrical squaraine unit. The following dyes PSQ31-33 were designed with trans-SQ

frame work, which can be further functionalized with n-spacer and anchoring groups.
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(a)

Squaraine

R R = out-of-plane branching ()
(b) D @NY
R «—in-plane alkyl group

(c) n- spacer with anchoring group

n- spacer Hrr'::\,‘
_ .
Anchoring | Hsa@_( Curvature due to QLQ o
group OH T [
n-spacer o
Extended absorption towards NIR . . trans .
HSQ/Q\(O Extending the absorption Orientation of dyes by in and out-of-plane alkyl
Enhanced visible transtion \/ 6 inthe NIR region along and their aggregation branching

with visible absorption assembly (H and J

aggregation)
on the surface

position of out-of-plane
branching and in-plane
alkyl groups

Figure 5.2 (a) D-A-D-n-Anchoring group based on unsymmetrical trans-configured squaraines
dyes, (b) in-plane and out-of-plane branching on indoline, (c) w-spacer with anchoring group, (d)
schematic representation of mode of anchoring on TiO: surface, and (e) m-extended of alkyl

functionalized unsymmetrical squaraine dyes, PSQ31-33.

5.2 Results and Discussions
5.2.1 Synthesis of PSQ Sensitizers
The following three general synthetic transformations takes place for the synthesis of PSQ31-
PSQ33 dyes.
Q) Synthesis of bromo derivatives of the unsymmetrical semi-squaraine dye.

(i) Synthesis of bromo derivatives of the unsymmetrical squaraine dye.

(iii)  Microwave mediated Suzuki coupling of bromo functionalized squaraine

derivative and boronic acid containing thiophene spacer with anchoring group.

The branched methyl ketone was synthesized via the reported procedure from our group.
The indolenine derivatives, 2a-c were synthesized using branched methyl ketone with phenyl

hydrazine through Fischer-indole synthetic route. The inodolenine derivatives, 2a-2c were
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1a X =H 2a Ry = -n-Octyl R, = -n-Decyl; X = H, 82 % 3a R4 =-n-Octyl R, =-n-Decyl, R3= -n-Hexyl; X = H, 60%
1b X =Br 2b R, = -n-Decyl R, = -n-Dodecyl; X = H, 65 % 3b R4 = -n-Decyl R, =-n-Dodecyl; R3= -n-Dodecyl, 44 %
2¢c Ry, R, = Me; X= Br, 98 % 3¢ Ry, Ry, R3 = Me; X=Br, 82 %
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BuO OBu
fo) O
R
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O N = O/\/\
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n-BuOH:PhMe
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3a + 4 Py, reflux 5a (90 %)
Br 24 h
5a Ry = -n-Octyl R, =-n-Decyl, R3= -n-Hexyl, .
5b R, = -n-Decyl R, = -n-Dodecyl; R3= -n-Dodecyl 3b + 4 ——> 5b(85%)
PdCly(dppf) PdCl,(dppf)
K,CO3, K,CO
23 6b, PSQ32
52 _ PhMe:MeOH (1:1) 6a, PSQ31 5a PhMe:MeOH (1:1) (62 %)
—_—
MW (70 °C, 60 W) (60 %) 55 MW (70°C,60W)  6c, PSQ33

( )
15 min 15 min (54 %)
HO, O o OH
B < > { b S
HO OH o mo

Scheme 5.1.Synthesis of branched alkyl group containing 7z-extended D-A-D-A squaraine dyes,
PSQ31-33.

converted into corresponding indolium salt, 3a-c via N-alkylation with methyl/hexyl/dodecyl
iodide. The bromo functionalized semi-squaraine, 4 was synthesized by bromo functionalized
indolium salt, 3c treated with squraic acid in presence of NEts. Further the branched indolium
salt, 3a-3b were condensed in presence of pyridine base with bromo functionalized semi-
squaraine, 4 to provide the unsymmetrical squaraines, 5a-b. After microwave-assisted Suzuki
coupling between the bromo functionalized unsymmetrical squaraines with 4-
carboxylphenylboronic acid and 5-carboxylthiophene-2-boronic acid pinacol ester in presence of
PdClx(dppf) was used as catalyst and K.COs as a base, afforded required final PSQ31-33 dyes

(scheme 5.1). Generally microwave mediated Pd catalyzed Suzuki coupling reaction helps to
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reduce the reaction time (10-15 min) with moderate yield. These dye molecules were
characterised by 'H, 3C NMR spectroscopy and mass spectrometric analyses.

5.2.2 Photophysical Properties

The optical properties of PSQ31-33 were studied by UV—Vis absorption and emission spectra
both in solution (CH2Cl>) as well as in transparent thin film of TiO2 (6 um), and the results were
showed in Figure 5.3, (Table 5.1). PSQ31-33 dyes that showed an intense charge transfer peak
with the molar extinction coefficient of £~1.4-3.3x10° Mt cm™ in the range of at 650 nm and
657 nm and a narrow absorption peak with extinction coefficient of £~0.05-0.18x10° Mt cmtin
the range of at 381 nm, respectively. Such high energy transitions were observed by extending
the squaraine dye conjugation with r spacer or appending dicyanovinyl groups in squaraine unit.
PSQ31-PSQ33 dyes were having maximum absorption wavelength (Amax) around 650 to 657
nm. For PSQ31 and PSQ32 substituting phenyl group with thiophene causes red shifted
absorption band (7 nm). In case of PSQ32 and PSQ33, both showed close similarity in their Amax
with same 7t spacer and anchoring unit but there was small changes in ¢ values, after extending
the length of top indoline sp3-alkyl chain in PSQ33.

Emission Amax 0f PSQ31-33 exhibits intense peak at 659 nm (PSQ31), 666nm (PSQ32-
33) upon exciting at 610nm. The Stokes shift of ~9-10 nm for PSQ dyes showed that there may
be significant change in dipole moment in the excited states. Fluorescence quantum yield (¢) was
measured in dichloromethane via relative method and it shows an increasing order of [PSQ32] <
[PSQ31=PSQ33]. The optical band gap (Eo-0) was calculated from the intersection of absorption
and emission spectra and PSQ31-PSQ33 dyes exhibited between 1.87-1.89 eV.

The optical densities of the PSQ31-PSQ33 dyes adsorbed on TiO. surface were
determined and are showed in Figure 5.3c. A transparent, 6 um thick, TiO2 film dipped in 0.1
mM dye solution for 30 min; PSQ31-PSQ33 dyes showed a broadened absorption spectrum on
the TiO; thin film due to the dye-dye interaction of PSQ dyes on the TiO; surface besides
interaction of dyes with polar TiO, surface. For PSQ31 and PSQ32 dyes, both having phenyl
with thiophene spacer and the top alkylated squaraine moiety, showed a strong aggregation peak
around 609 nm, which is usually assigned to the H-aggregate for PSQ32 dye. Compared to
PSQ32 and PSQ33 dye, the dimeric peak was reduced after increasing the length of top indoline
sp®-alkyl chain in PSQ33. It was found that PSQ32 dyes are more aggregated with respect to
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both hypsochromic and bathochromic region compared to PSQ31 and PSQ33 dye. The bare
TiO> electrode was dipped in 0.1 mM dye solution for 12 h and PSQ31-PSQ33 dyes have shown
broad LHE profile for harvesting the NIR photons.

(a) (b)
1.0 —PSQ31 —~ 1.0
—PSQ32 5
] —P3SQ33 @ 0.8
2 0.8 s
S 0.64 2 0.6
@ £
2 w
o 0.4 . 0.44
2 £
0.2 5 0.2
< pa
0.0 ey . . 0.0
400 500 600 700 800 630 660 690 720 750 780
Wavelength (nm) Wavelength (nm)
(d)
7]
< "
. T
£ -
o £
= 5
2
it == L] .. 0_0 T r T
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Figure 5.3 Optical properties of PSQ31-33 dyes. (a) UV-vis absorption spectra in CHCl», (b)
Normalized emission spectra in CH2Cl, (excitation wavelength: 610 nm), (c) Normalized
absorption spectra on thin film of TiO», thickness = 6 um, dipping time = 30 min, and [PSQ] =
0.1 mM in CHxCly, (d) LHE (%) on TiO: thin film recorded after 12 h dipping in 0.1 mM
solution in CH2Cl.

The emission profiles of PSQ31-33 indicated that there was no additional peak in the red-

shifted region which indicates the possibility of existence of only H-aggregates (Figure 5.4).
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Figure 5.4 Optical properties of PSQ31-33 dyes. (a) Normalized LHE on Al>Oz thin film

recorded after 12 h dipping in 0.1 mM solution in CH2Cl. (b) Normalized emission spectra on
thin film of Al>Ogz, excitation wavelength: 657 nm, thickness = 6 mm, dipping time = 12 h and
[PSQ] =0.1 mM in CHCl>.

5.2.3 Electrochemical Characterization

Differential pulse voltammetry (DPV) was carried out to understand the feasibility of electron
injection from the excited dye to conduction band of TiO2 and the dye regeneration by redox
electrolyte, which is performed in CH.Cl, by using 0.1 M tetra butyl ammonium perchlorate as
supporting electrolyte (Figure 5.5). Redox potentials of PSQ31-PSQ33 dyes were measured
using DPV and the results were listed in Table 5.1. The HOMO energy level of PSQ31, PSQ32
and PSQ33 was found at 0.71V, 0.73V and 0.72V vs NHE, respectively. The more positive
potential of PSQ31-PSQ33 than redox electrolyte making the feasible regeneration of oxidized
dye. In addition, there is no a significant potential difference in PSQ dyes, by extending the alkyl
chain at sp* carbon of indoline unit in PSQ33. The optical energy gaps (Eo-0) was calculated
from the intersection of absorption and emission spectra and PSQ31-PSQ33 dyes exhibited
optical band gap between 1.87-1.89 eV. The LUMO energy level of PSQ31-33 was found at -1.2
V, -1.14V and -1.16V vs NHE, respectively. The more negative potential of PSQ31-PSQ33
which helps a larger driving force for electron injection from the photo-excited state to the

conduction band of TiO,.
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Figure 5.5 Electrochemical properties of PSQ31-33 dyes. (a) Differential pulse voltammetry for
PSQ31-33 dyes and (b) Energy level diagram of PSQ dyes (V vs NHE) with TiO,, and
electrolyte (iodide/triiodide).

Table 5.1 Photophysical and electrochemical properties of PSQ31-33 at room temperature

Dye Amax/abs &a, &b Amax/ ¢emis Amax/abs/ Adimer/ EHOMOf AEoo? ELumo
nm)? 10°(M- is U A
(0 e T VY S
cm™)°  (nm
)c (nm)e (%)
PSQ31 381,650 0.051. 659 0.61 605667 66 0.71 1.89 -1.2
4
PSQ32 381,657 0.11,2. 666 059 609,671 85 0.73 1.87 -1.14
5
PSQ33 381,656 0.18,3. 666 0.61 608,652 65 0.72 1.88 -1.16
3

aUV-vis absorption in CH.Cl.."Molar extinction coefficient in visible region peak &, and charge
transfer peak e,. ‘Emission studies at excitation wavelength at 610nm. °Quantum vyield by
relative method in CH2Cl.. °On thin film of TiO., thickness = 6 um, dipping time = 30 min, and
[PSQ] = 0.1 mM in CHCls. "Enomo of PSQ31-33 in CH.Cl,, Fc*/Fc was used as external
standard and potential measured vs Fc/Fc* (eV) were converted to NHE (V) by addition of 0.7 V.
9Eo.0 deduced at the intersection of absorption and emission spectra using the eq, Eo.o (eV) =

1240/ hmax. "ELumo levels were measured by subtracting Enomo from Eo-.
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5.2.4 Density Functional Theory (DFT) Calculations and Energy Levels

To understand the electronic distribution of PSQ31-33 dyes, their ground state geometries and
energies were fully optimized using density functional theory (DFT) by B3LYP/6-31G** level
with the Gaussian 09 program. Energy minimized structures of PSQ31 and PSQ32 were
presented in Figure 5.6. The isosuface plots of four selected frontier molecular orbitals of
PSQ31-PSQ33 (HOMO+1, HOMO, LUMO and LUMO-1) were showed in Figure 5.7. The
intramolecular charge transfer (ICT) transition takes place from HOMO to LUMO on the central
squaric unit, and partial distribution of electron density toward carboxylic acid. Furthermore,
LUMO+1 of PSQ31-33 dyes are localized on the anchoring group containing indoline moiety
which ensures the strong coupling between PSQ dyes and TiO> surface for the efficient charge
injections. The distance between the oxygen atom of carboxylic acid and the out-of-plane alkyl
groups at top and down indoline units were found to be 18.63 A and 18.76 A for PSQ31 and
PSQ32, respectively (Figure 5.6). Further, it is interesting to note that the dihedral angle
between trans-squaraine unit and w-space have significant changes with respect to the type of n-
spacer. PSQ31 dye with phenyl m-spacer have 35.9 A of dihedral angles which is higher than
thiophene r-spacer containing PSQ32 dye with 26.3 A.

W o
| d=18.63A

PSQ31 PSQ 32

Figure 5.6 Energy minimized structures of (a) PSQ31, and (c) PSQ32
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Figure 5.7 Isosurface plots of selected frontier orbitals (HOMO, HOMO-1,LUMO, LUMO+1)
of PSQ 31and PSQ33.Fully optimised at DFT B3LYP/6-31G** level.(Isovalue set to 0.036 a.u.)

5.2.5 Photovoltaic Studies of PSQ31-33
The photovoltaic device performances of PSQ31-PSQ33 dyes under standard conditions (AM

1.5 G, 100 mW/cm?) were measured using iodine/triiodide (1/157) liquid and the current-voltage
(1-V) spectra of PSQ31-33 dyes were shown in Figure 5.8. The device performance with and
without co-adsorbent 3a,7a-dihydroxy-5B-cholanic acid (CDCA) are given in Table 5.2. The
PSQ31 having m-spacer of phenyl with in-plane and out of plane alkylated groups present at
indoline unit which is away from TiO. surface which afforded a short-circuit photocurrent

density (Jsc) of 3.08 mA/cm?, an open-circuit photovoltage (Vo) of 0.573 V, a fill factor (ff) of
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67.3%, and achieved PCE of 1.18%. Furthermore addition of 2 equiv. of CDCA, was increased
to 2.14% with a Jsc of 5.42 mA cm2, Vo of 0.586V and ff of 67.5(%). Further addition PCE of
CDCA reduced the photocurrent drastically which infers that CDCA is competing with the dye
anchoring on the TiO> surface (Figure 5.8 and Table 5.2). On the other hand, the insertion of
thiophene m-spacer instead of phenyl in upper branched indoline moiety as in PSQ32, a notable
reduction in Jsc, Voc and ff which provided PCE of 0.57% without CDCA. But after the addition
of 2 equiv. of CDCA which afford the device performance up to 1.59%. Further addition of
CDCA showed poor photovoltaic performance due to the decrease of dye amount on TiO;
(Figure 5.8 and Table 5.3). By varying the design of dye structure with different anchoring
groups, the photovoltaic performance of PSQ32 which was reduced 34.6% comparing to PSQ31
having phenyl © spacer. This is due to the different mode of dye orientation and their dye
aggregation abilities on TiO> surface which influence more in the electron injection as well as
overall power conversion efficiency. Further it is also shed the light on the mode of electron
transfer to TiO> surface through the bond and through space, which will be focused in the future.
On the other hand PSQ33 dye shows that there is no significant notable difference in
photovoltaic performance with and without CDCA even after extending the length of alkyl chain
at indoline unit compared to PSQ31 and PSQ32. To further improve the DSSCs device
performance, PSQ 5 was utilized as the co-sensitizer for PSQ31, which gave PCE of 2.10% with
a Jsc 0f 5.1 MA cm?, Vo 0f 0.566V and ff of 69.8%, respectively.

The IPCE response of PSQ31-PSQ33 dyes is displayed in Figure 5.8 and studied
thoroughly in the presence and absence of coadsorbent to clarify the impact of mode of dye
anchoring as well as their aggregation on the photocurrent efficiency for DSSC. Broadening
response of PSQ31-PSQ33 dyes are reflected in the IPCE spectra in which PSQ31 dye showed
greater IPCE response in the region of 540—750 nm, which corresponds to the absorption by
monomers and aggregates. In addition, PSQ31 showed IPCE response between 400 and 523 nm,
which corresponds to the absorption from the result of the substitution with r-spacer groups.
Furthermore in the absence of CDCA PSQ31 showed IPCE with maximum of 9.7% and 25.7%
at 476 and 642 nm, respectively. On the other hand, PSQ32 and PSQ33 dye showed IPCE
response with maximum of 12% at 651 nm and 648nm, respectively even after extending the
branched spalkyl chain. After the addition of CDCA, PSQ31, PSQ32 and PSQ33 showed a
good response in IPCE at a higher wavelength region, and at 614 nm of PSQ31, PSQ32 and
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Figure 5.8 I-V and IPCE characterization of PSQ31-33 dyes. (a, ¢, e and g) and (b, d, fand i) I-
V and IPCE curves for PSQ31-33 in absence and presence of CDCA (TiO: electrode thickness

= 8 + 4 um (transparent+scattering layer), area =0.22 cm?, [Dye] = 0.1 mM in CHClIs, dipping

time 12 h at rt, electrolyte: iodolyte Z-50 from Solaronix).
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Table 5.2 I-V characteristics of PSQ31-33 dyes devices with and without CDCA?

Dyes Jsc Voc f (%0) PCE (%)
mA/cm? V)
PSQ31 3.08 0.573 67.3 1.18
PSQ31/CDCA 5.42 0.586 67.5 2.14
(1:2)
PSQ31/CDCA 3.59 0.590 72 1.52
(1:5)
PSQ32 1.42 0.563 71.8 0.57
PSQ32/CDCA 3.86 0.586 70.7 1.59
(1:2)
PSQ32/CDCA 2.83 0.564 71.9 1.14
(1:5)
PSQ33 1.50 0.550 64.3 0.53
PSQ33/CDCA 2.39 0.574 67.7 0.92
(1:2)
PSQ33/CDCA 2.10 0.576 67.1 0.81
(1:5)
PSQ31/ PSQ5 511 0.566 69.8 2.10
(1:1)

TiO; electrode thickness = 8 + 4 um (transparent+scattering layer), area =0.22 cm?, [Dye] = 0.1
mM in CHCIs, dipping time was 12 h at rt, electrolyte was iodolyte Z-50 (Solaronix) and

summarize the result of best six devices with deviation.

PSQ33 exhibit an IPCE of 39%, 35% and 21%, respectively. It was observed from the IPCE
profile that even in presence of 5 equiv. of CDCA, the response from aggregated structure
dominated over monomer which indicates that either some of the aggregated structure not

injecting the charges, or also it may be effect of tilted n-spacer as supported by DFT studies.

5.2.6 Electrochemical Impedance Analysis
Electrochemical impedance spectroscopy (EIS) studies were carried out under dark conditions to

understand the interfacial charge recombination dynamics between the injected electrons in TiO>
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conduction band (CBrioz) and I°~ in electrolyte at interfaces of TiO,-dye/electrolyte. Generally,
Vo Is measured from the potential difference between shift of quasi- Fermi level of electron in
the TiO2 (Ern) and the fermi level of redox potential of electrolyte (Er, redox) in the electrolyte in
eq 5.1. Thus, either the conduction band edge shift or the change in the chemical capacitance of
TiO> infers the cell potential (Table 5.3).

Voc = E(Fredox) - E(Fn) (5.1)

The Nyquist plots of the DSSC based PSQ31-33 dye cells were obtained in the dark with
applied bias of -0.49 V in Figure 5.9, whereas the bias voltage is applied in the opposite
direction of the photovoltage generated under illumination. The smaller semicircle at high
frequency with respect to the impedance due to the electron transfer take place at the interface of
Pt/electrolyte interface, whereas the larger semicircle at mid frequency range represents charge
recombination resistance owing to charge transfer processes takes place at the interfaces of TiO,-
dye/electrolyte.

The fitted recombination resistance (R¢) value of PSQ sensitized devices (under an
applied bias of -0.49 V) were in the order of PSQ31 (18.56 Q)> PSQ32 (13.93 Q)> PSQ33
(9.57 Q). Larger the Rt value, slower is the recombination of electrons from the conduction band
of TiO> to the oxidized I3 species in the electrolyte. The similar trend of R was observed in Vo
of PSQs dyes as PSQ31 (573 mV) > PSQ32 (563 mV)> PSQ33 (550 mV) which is due to the
good passivation of PSQ31 dye on the TiO> surface by suppressing the charge recombination
process compared to other dyes. The electron lifetime(s) on TiO2 were calculated from R¢ and
chemical capacitance C, using 1= RaXCy. The longer electron lifetime in PSQ device cell further
supports the higher performance in the order of PSQ31 (8.35 ms) > PSQ32 (3.48 ms)> PSQ33
(0.86 ms) based cells. Therefore, PSQ31 can suppress the charge recombination reaction more
efficiently than PSQ32 or PSQ33, and the larger electron lifetime represents slower charge
recombination rate at the interface of dye-TiO2/electrolyte, which enhance the photovoltaics

performance in both Jscand Voc.
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Figure 5.9 Impedance analysis of PSQ31-33 and PSQ33/PSQ5 dyes: (a) Nyquist plot, (b) log
Rct vs applied potential, (c) log C,vs applied potential and (d) log z vs applied potential

Table 5.3 EIS Parameters of PSQ31-33 dye cells at an applied potential of —0.49 V in the dark

Dyes Applied  Rs(ohm) R (ohm) Cp T (Ms)
potential (mF)
(V)
PSQ31 0.49 9.98 18.56 0.45 8.35
PSQ32 0.49 11.74 13.93 0.25 3.48
PSQ33 0.49 13.19 9.57 0.09 0.86
PSQ31/PSQ5 10.49 12.45 14.12 041 5.79

AcSIR-NCL/Punitharasu Vellimalai 170



Chapter 5

5.3 Summary

In summary, a series of unsymmetrical trans-configured squaraine system PSQ31-33 have been
systematically designed with in-plane and out-of plane branched alkyl group on the sp3-carbon
and nitrogen atoms, different r-bridge (phenyl and thiophene) and carboxylic anchoring group.
In order to ascertain we have synthesized PSQ31-33 dyes to understand the effect of anchoring
groups such as carboxylic acid. The DSSC devices were fabricated using PSQ31-33 respectively
as the sensitizers and the photovoltaic behavior was investigated. Pheny-based PSQ31 showed
PCE of 2.14% which was comparatively high Jsc than thiophene based PSQ32. PSQ33 showed
PCE of 0.92% and exhibited less significant improvement in Jsc and Vo after extending the
length of alkylated chain of PSQ32 with and without of CDCA. Orientation of dyes and
chemisorbs on TiO, surface is effectively depending on the sensitizer’s structure as well as
suitable anchoring group. To further enhance the cell performance, PSQ 5 was used as the co-
sensitizer for PSQ31, which exhibited a moderate efficiency of 2.10% with the Jsc and Voc 0f 5.1
mA cm? and 566 mV, respectively. This chapter suggests that the importance of cyano acetic

acid over carboxylic acid as a good anchoring group for this class of NIR active PSQ dyes.

5.4 Experimental Section

5.4.1 Materials and Characterization

For dye synthesis and DSSC fabrication, all reagents and solvents were purchased from
commercial sources were used without further purification unless otherwise noted. Required
precursors la, 1b, 2a, 2b, 2c, 3a, 3b, 3c, 4, 5a and 5b were synthesized and reported according
to the previous chapter 2.14'° Tetrahydrofuran and toluene were dried by standard procedure
prior to use. All oxygen- and moisture-sensitive reactions were performed under nitrogen
atmosphere. 'H NMR spectra were recorded on a 200 MHz or 400 MHz or 500 MHz
spectrometers, using CDCls. All chemical shifts were reported in parts per million (ppm). * H
NMR chemical shifts were referenced to TMS (0 ppm).2*C NMR chemical shifts were
referenced to CDCls (77.23 ppm, and recorded on either 100 MHz or 125 MHz NMR
spectrometer). HRMS and MALDI-TOF-MS were recorded on SYNAPT G2 HDM spectrometer
and ABSciex 5800 MALDI TOF mass spectrometer, respectively. UV-vis absorption spectra
were recorded on Analytikjena (SPECORD 210 PLUS) spectrophotometer. A three electrode cell

was used for DPV analysis and which was performed on BioLogic SP300 potentiostat. Platinum
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wire used as a working electrode, a thin platinum foil was used as a counter electrode, and dyes
were dissolved in dry dichloromethane. Measurements were carried out at the scan rate of 50
mVs? after addition of 0.1 M of tetra butyl ammonium perchlorate (TBAP)as the supporting
electrolyte and non-aqueous Ag/Ag" (0.01M in CHsCN) used as reference electrode. The
reference electrode was calibrated by recording the cyclic voltammograms of ferrocene in the
same electrolyte as external standard; the potential values are on the basis of the estimated value
of the ferrocene redox potential in dichloromethane 0.7V versus NHE.®“EIS analysis was
performed under dark condition by applying external bias to dye cells using a BioLogic SP300
potentiostat equipped with frequency response analyzer. Frequency range was fixed from 1 MHz
to 10 mHz with AC amplitude of 10 mV. I-V characteristics of the dye cells were measured
under a solar simulator (PET, CT200AAA) in clean room conditions, which is controlled by a
source measurement unit (Keithley 2420). A certified 4 cm? silicon solar cell (NREL) was
calibrated to an intensity of 1000 W m (xenon lamp, 450 W, USHIO INC) of a solar simulator
(AM1.5 G light). IPCE spectra measurements were conducted by Newport QE measurement kit
including a xenon light source, a monochromator, and a power meter. The set-up was calibrated

using a reference silicon solar cell before the device measurement.

5.4.2 Device Fabrication Procedure For fabricating photoanode of DSSC, FTO (F-doped SnO-
glass; 6-8 Q/sq) was cleaned sequentially by mucasol (2% in water), deionized water, and
isopropanol using an ultra-sonication for 15 min. A blocking layer of TiO2 was prepared by
dipping cleaned FTO substrate in freshly prepared aqueous 0.05 M TiCl4 solution at 70 °C for 30
min, and washed immediately with deionized water, and followed by annealing in air at 125 °C
for 10 min. And the mesoscopic transparent thin layer (6-8 um thickness) of TiO2 onto buffer
layer modified FTO was coated using TiOz paste (< 20 nm, Ti-Nanoxide T/SP) by the doctor-
blade technique. Then kept in air for 5 min and annealed at 125 °C in air for 15 min before
coating scattering layer on it. Dyesol, WER2-O paste was used to coat a 4-6 um thick TiO; layer,
kept in air for 5 min and annealed at 125 °C in air for 15 min. Resulting 0.22 cm? active area
films were sintered at 325 °C for 5 min, 375 °C for 5 min, 450 °C for 15 min and 500 °C for 15
min with heating rate of 5 °C per min in air. After reaching the furnace temperature at 50 °C,
sintered films were treated in TiCls solution as described before. After sintering the layer-by-

layer deposited film again at 500 °C for 30 min, allowed to reach 50 °C and were immediately
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immersed in 0.1 mM PSQ31-33 dye solution in chloroform at room temperature for 12 h. The
dye loaded electrodes are washed thoroughly with chloroform, to remove physisorbed molecules.
Successive addition of co-adsorbent 3a,7a-dihydroxy-5B-cholanic acid (CDCA) was varied the
concentration of de-aggregating agent in the dye solution and studied the device performance at
2, 5 and 10 equivalents of CDCA. Finally the dye cell was assembled by joining the electrolyte
(lodolyte Z50) filled photoanode and platinum cathode using a 25 um thick spacer. The

photovoltaic parameters have been evaluated without masking the device.

5.4.3 Synthetic Procedures and Characterization Data

Required precursors 1a, 1b, 2a, 2b, 2c, 3a, 3b, 3c, 4, 5a and 5b were synthesized and reported
according to the previous chapter 2.15 16
(E)-2-(((2)-5-(4-Carboxyphenyl)-1,3,3-trimethylindolin-2-ylidene)methyl)-4-((-3-decyl-1-
hexyl-3-octyl-3H-indol-1-ium-2-yl)methylene)-3-oxocyclobut-1-en-1-olate (PSQ31):
Reaction mixture of 0.1 g (0.133 mmol) (E)-2-(((Z)-5-bromo-1,3,3-trimethylindolin-2-
ylidene)methyl)-4-((3-decyl-1-hexyl-3-octyl-3H-indol-1-ium-2-yl)methylene)-3-oxocyclobut-1-
en-1-olate (7a) (1 equiv.) was taken and dissolved in 1:1 ratio of toluene and methanol (total
volume 5 mL) in 50 mL microwave reactor vessel and 0.062 g (0.4 mmol) 4-
carboxylphenylboronic acid and 0.1 g (0.665 mmol) K>COs were added to it under N
atmosphere. The solution was purged with nitrogen for 20 min and then 0.011 g (0.013 mmol)
PdClx(dppf) was added and the reaction was carried out under microwave condition at 60 W, 70
°C for 15 min. The reaction mixture cooled to room temperature, and the solvents were removed
under reduced pressure. The reaction mixture was purified by column chromatography (SiO2,
100-200 mesh 5% methanol and 95% dichloromethane to afford the required compound. Yield:
63 mg, Yield: 60%; 'H NMR (500 MHz, CDCls) &: 8.12 (br, s., 2 H), 7.70 (br. s., 2 H), 7.55 (br.
S., 2 H), 7.30 (m, 2 H), 7.18 (t, 1 H), 7.03 (m, 2 H), 6.14 (br. s., 1 H), 6.01 (br. s., 1 H), 4.04 (br.
s., 2 H), 3.54 (br. s., 3H), 3.01 (br. s., 2 H), 2.36 (t, J = 7.8 Hz, 2 H), 2.07 - 1.64 (m, 8 H), 1.48 -
1.03 (m, 30 H), 0.94 - 0.70 (m, 11 H), 0.47 (m, 2 H); *3C NMR (126 MHz , CDCls) &: 178.6,
176.3, 170.3, 169.8, 169.4, 152.1, 144.0, 143.3, 142.8, 139.2, 135.3, 131.2, 130.7, 130.0, 128.3,
127.7, 127.2, 126.9, 124.1, 122.3, 121.0, 109.4, 87.9, 87.3, 74.3, 73.4, 58.9, 48.8, 43.9, 39.9,
34.2, 31.8, 31.8, 31.7, 31.5, 30.5, 30.2, 29.6, 29.6, 29.5, 29.5, 29.4, 29.3, 29.2, 29.1, 29.0, 27.3,
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27.2, 26.8, 26.3, , 24.0, 22.6, 22.5, 22.5, 14.0, 13.9; MALDI-TOF (m/z): [M]* cald for
Cs6H74N204: 838.5649; found: 838.4293.

(E)-2-(((2)-5-(5-Carboxythiophen-2-yl)-1,3,3-trimethylindolin-2-ylidene)methyl)-4-((-3-
decyl-1-hexyl-3-octyl-3H-indol-1-ium-2-yl)methylene)-3-oxocyclobut-1-en-1-olate (PSQ32):
Reaction mixture of 0.1 g (0.133 mmol) (E)-2-(((Z)-5-bromo-1,3,3-trimethylindolin-2-
ylidene)methyl)-4-((3-decyl-1-hexyl-3-octyl-3H-indol-1-ium-2-yl)methylene)-3-oxocyclobut-1-
en-1-olate (7a) (1 equiv.) was dissolved in 1:1 ratio of toluene and methanol (total volume 5 mL)
in 50 mL microwave reactor vessel and 0.098 g (0.4 mmol) 5-carboxylthiophene-2-boronic acid
pinacol ester and 0.1 g (0.665 mmol) K>COz were added to it under N atmosphere. The
solution was purged with nitrogen for 20 min and then 0.01 g (0.013 mmol) PdCl.(dppf) was
added and the reaction was carried out under microwave condition at 60 W, 70 °C for 15 min.
The reaction mixture cooled to room temperature, and the solvents were removed under reduced
pressure. The reaction mixture was purified by column chromatography (SiO2, 100-200 mesh 5%
methanol and 95% dichloromethane to afford the required compound. Yield: 65 mg, Yield: 62%;
'H NMR (400MHz , CDCls) & = 8.44 (br. s., 1 H), 7.94 - 7.64 (m, 2 H), 7.63 - 7.40 (br. s., 2 H),
7.39 - 7.13 (m, 4 H), 7.10 - 6.96 (m, 2 H), 6.17 (br. s., 1 H), 6.02 (br. s., 1 H), 4.07(br. s.,, 2 H),
3.50 (br. s., 3 H), 3.01 (br. s.,, 2 H), 2.13 - 1.89 (m, 2 H), 1.82 (m, 8 H), 1.54 -1.00 (m, 30 H),
0.93 - 0.66 (m, 11 H), 0.56 - 0.35 (m, 2 H); 3C NMR (101 MHz , CDCl3) & = 178.7, 175.2,
170.2, 169.1, 151.1, 144.0, 143.5, 142.8, 139.2, 134.8, 133.7, 132.3, 128.9, 127.7, 126.1, 124.3,
123.6, 123.0, 122.3, 119.8, 116.0, 114.0, 109.5, 109.2, 88.0, 87.5, 59.0, 48.7, 44.0, 39.9, 31.8,
31.7, 31.6, 31.5, 30.5, 29.6, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 29.0, 27.3, 27.2, 26.8, 24.0, 23.9,
22.6, 22.5, 22,5, 22.4, 14.0, 13.9; MALDI-TOF (m/z): [M+K]" cald for Cs4H72N20.S: 844.5213;
found: 844.3781.

(E)-2-(((2)-5-(5-Carboxythiophen-2-yl)-1,3,3-trimethylindolin-2-ylidene) methyl)-4-((-3-
decyl-1,3-didodecyl-3H-indol-1-ium-2-yl)methylene)-3-oxocyclobut-1-en-1-olate  (PSQ33):
Reaction mixture of 0.11 g (0.122 mmol) (E)-2-(((Z)-5-bromo-1,3,3-trimethylindolin-2-
ylidene)methyl)-4-((3-decyl-1,3-didodecyl-3H-indol-1-ium-2-yl)methylene)-3-oxocyclobut-1-
en-1-olate (7b) (1 equiv.) was dissolved in 1:1 ratio of toluene and methanol (total volume 5 mL)
in 50 mL microwave reactor vessel and 0.093 g (0.367 mmol) 5-carboxylthiophene-2-boronic

acid pinacol ester and 0.17 g (1.22 mmol) K>COs were added to it under N2 atmosphere. The
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solution was purged with nitrogen for 20 min and then 0.01 g (0.012 mmol) PdClx(dppf) was
added and the reaction was carried out under microwave condition at 60 W, 70 °C for 15 min.
The reaction mixture cooled to room temperature, and the solvents were removed under reduced
pressure. The reaction mixture was purified by column chromatography (SiO2, 100-200 mesh 5%
methanol and 95% dichloromethane to afford the required compound. Yield: 65 mg, Yield: 54%;
'H NMR (500 MHz, CDCls) &: 8.39 (br. s, 1H), 7.77 - 7.62 (m, 2 H), 7.45-7.38 (m, 3 H), 7.23
(br.s., 2 H),6.95 (br.s., 2H), 6.74 (br. s., 1 H), 6.07 (br. s., 1 H), 5.9 (br. s., 1 H), 3.97 (br. s., 2
H), 3.40 (br. s., 3 H), 2.94 (br. s., 2 H), 1.96 (br. s., 2 H), 1.82-1.50 (m, 8H), 1.35-0.97 (m, 50H),
0.80-0.74 (m, 11H), 0.45- 0.4 (m, 2 H); ¥C NMR (126 MHz, CDCls) &: 180, 179.6, 177.9,
176.0, 169.9, 166.7, 155.4, 152.7, 144.0, 141.9, 139.2, 135, 128.3, 127.6, 126.1, 123.7, 123.3,
122.9, 122.3, 119.8, 119, 115.9, 114, 109.4, 109, 88.1,87.5, 58.9, 48.7, 44, 41.8, 39.9, 37.39,
36.9, 34.7, 34.4, 33.7, 33.2, 31.8, 31.6, 31.3, 29.6, 29.5, 29.5, 29.4, 29.3, 29.27,29.1, 28.8, 27.3,
27.1, 26.7, 26.6, 24.8, 24.0, 22.6, 14.1; MALDI-TOF (m/z): [M+1]* cald for CessHo2N204S:
984.6778; found: 984.5620.
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6.1 Summary

Energy demand and global warming have become one of the major scientific challenges for
the current and future generation and it is due to the fast urbanization and growth of
population. Photovoltaic technology is considered as one of the important tools to address
the abundant contribution and environmental friendliness of solar energy to make the
efficient conversion of solar radiation into electricity. Dye-sensitized solar cells (DSSCs) are
described as one of the third generation photovoltaic technologies in which dye is one of the
important light harvesting components for photon-to-current conversion process besides other
components such as anode, electrolyte and cathode. D-n-A and D-A-n-A dyes have
systematically designed and synthesized and it was showed the highest device efficiency of
13% and 12.5%, respectively. Among the phthalocyanine, porphyrin and squaraine dyes that
absorb both far-red and NIR regions of the solar spectrum, squaraine dyes shows the high
molar extinction coefficient in the far-red, and NIR regions (10° M* cm™). Further, both
porphyrin and phthalocyanine dyes have afforded the device efficiency of 13% and 6.4%,
respectively by modulating the steric and electronic effect. Squaraines dyes as promising
class of metal free dyes which can convert far-red photons to electrons in DSSC by taking the
advantage of its unique aggregation property. Even though of squaraine dyes are exploited in
dye sensitized solar cell research, controlling the aggregation of squaraine dyes on
TiOz surface which helps achieving high device efficiency is a challenging task. Hence, the
Thesis describes the strategies to control the aggregation of dyes on TiO; surface and suitable
modification of dyes structure for extending the conjugation for the better DSSC device
performance. Further, this Thesis describes i) the importance of n-spacer, (Chapter 2), ii)
number of anchoring group in cis-configured squaraine, (Chapter 3) and iii) m-spacer
appended cis and trans squaraine dyes with different types of anchoring group (Chapter 4
and Chapter 5) besides controlling the aggregation of dyes by properly functionalized out-
of-plane alkyl groups for the improved device performance.

Design and synthesis of series of D-A-D-z-Anchoring group unsymmetrical squaraine
based dyes (PSQ1-5) were carried out (Chapter 2) in which appending in-plane and out-of-
plane alkyl groups at the indoline units helped to control the self-assembly of dyes. The nt-
spacers such as phenyl and thiophene units imparts certain degree of curvature in the SQ unit
which may be further helped to extending the light harvesting in the NIR region as well as

enhancing visible absorption. In addition, these systematic varied branched alkyl group
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positions were investigated in solution as well as TiO> surface to understand the controlled
self-assembly of dyes. In general photovoltaic properties enhanced in case these positional
units are far away from the dye anchoring TiO2 surface. Thiophene-based PSQ3 showed PCE
of 7.21% which was comparatively high Jsc than phenyl based PSQ1. PSQ5 showed a
significant improvement in Jsc and Vo after extending the length of alkyl group in compared
to PSQ3 in absence of optically transparent co-adsorbent. A DSSC sensitized with PSQ5
showed better Jsc and Voc which leads to the efficiency of 8.15%.

Apart from extending the conjugation, introduction of electron withdrawing groups at
the SQ unit has been also tested to extend the absorption. Hence a series of cis-configured
unsymmetrical PSQ dye (PSQ11-15) were designed and synthesized (Chapter 3) which
possess following features systematically with (i) in-plane and out-of-plane alkyl groups,
which modulated to control the self-assembly of dye and orientation of dyes on the TiO>
surface (ii) appending electron withdrawing groups such as dicyano and cyanoester to the
squaric unit to maintain the cis-configuration besides extend the light harvesting in NIR
region as well as visible regions and (iii) number of anchoring group which helps
strengthening the interaction between dye and TiO> surface. PSQ13 possess inbuilt steric
factor in one side of the molecule, which helps organizing the dyes on the TiO; surface that
helps to the formation of prominent J-type aggregate. PSQ13 dyes showed superior
performance of 7.58% with significant improvement in both Jsc and Vo in presence of CDCA
co-adsorbent molecules than that of PSQ11 and PSQ12.

To extend the response of squaraine dyes in NIR region, we have designed and
synthesized a series of nm-extended cis-configured unsymmetrical squaraine dyes PSQ21-22
with two different anchoring groups. Chapter 4 presents dye design which helps to enhance
the absorption property of the dye from visible to NIR regions. Further to understand the
effect of anchoring group, a direct carboxylic acid and cyanoacetic acid anchoring groups
were incorporated in PSQ21 and PSQ22 dyes, respectively. The IPCE profile exhibited that
PSQ22 was better harvester than that of PSQ21, as both the dyes containing different
anchoring group. DSSC device fabrication of PSQ21 and PSQ22 exhibited 7.0% and 6.93%,
respectively in the presence of CDCA co-adsorbent molecules.

Chapter 5 presents dye design and systematic investigation of dye orientation and
their aggregation on the TiO> surface to understand the effect of anchoring groups with

suitably functionalized branched alkyl groups and different t-spacer groups on
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unsymmetrical squaraine dyes. A series of unsymmetrical D-A-D-n-Anchoring group trans-
squaraine PSQ dyes (PSQ31-33) were synthesized and the DSSC devices were fabricated and
investigated the photovoltaic behaviors. Orientation of dyes and chemisorbs on TiO> surface
which is effectively depending on the sensitizer’s structure as well as suitable anchoring
group. PSQ31 showed PCE of 2.14% which was comparatively high Jsc than thiophene based
PSQ32 and PSQ33 dyes. This study described the importance of cyano acetic acid over
carboxylic acid as a good anchoring group for this class of NIR active PSQ dyes.

Future Perspective

Considering the factors that include, the in-plane and out-of-plane alkyl groups, m-spacer,
nature of squaraine dye back bone (cis- or trans-) and type of anchoring groups play an
important role in achieving better device performance. Judicious choice of donor moieties in
D-A-D based squaraine dyes are important. Such a integrated approach of functionalizing a
donor unit which helps both extending the light absorption also to avoid the aggregation
induced quenching is required to obtain a dye with better device performance with good shelf
life.
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