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AN ABSTRACT OF THE THESIS OF

Vanessa Antoine El Bitar Nehme  for Master of Science
Major: Chemistry

Title: Novel Organic Dyes for Dye Sensitized Solar Cells

Interest in dye sensitized solar cells (DSSCs) has increased in the last 26 years
because of their application in solar energy conversion. This photovoltaic device has
attracted the attention of many researchers because of its relatively good efficiency, its
eco-friendliness, and its low cost of fabrication.

Many attempts were made to synthesize organic dyes as sensitizers in a DSSC
instead of metal-based ones because of their high molar extinction coefficients that
become important in cobalt-based DSSCs. Hence, we plan to synthesize organic dyes
having the form donor- & -acceptor-n with either a terminal pyridine or carboxylic acid
anchoring group, Scheme 1. The pyridyl-based dyes will be studied as co-adsorbents
with commercially available carboxylic acid-based dyes and the effect of co-
sensitization on the DSSCs’ efficiencies. The usage of the proposed electron-acceptor
units have never been studied in any organic sensitizer in DSSCs, and therefore the
carboxylic and the pyridyl based dyes with these novel electron accepting units will be
incorporated, one at a time, in a fully assembled DSSC, and the efficiencies of these
cells will be measured and analyzed.
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CHAPTER 1
INTRODUCTION

1.1. Light from the Sun

With the rapid technological advancements and the constantly growing world
population, the demand of energy is gradually rising and the global consumption is
expected to double in the next 50 years. Currently, an estimate of 17.7 Terawatts is
being consumed from different sources of energy, namely fossil fuel (oil, coal, natural
gas). The combustion of fossil fuel causes irreversible environmental risks like the
emission of greenhouse gases which might as well lead to climate changes and global
warming. Meanwhile, the world will shortly come to an end of fossil fuel due to its
limited supply and being non-renewable. Therefore, it is crucial to find a sustainable
energy that could meet our daily energy needs, and a most likely possible alternative
would be the solar energy.?

Among the many renewable sources of energy: sun, biomass, wind power,
geothermal heat, and tidal power, energy from the sun is by far the most abundant and
exploitable resource. The solar energy that strikes the earth's surface annually is almost
3x10** J which is about 10* times more than the world's need to consume energy.® To
this end, the main focus over the past decades is to make use of this renewable energy,
and until now photovoltaic technologies are the potential candidates for solar energy

conversions.



1.2. Brief Overview of Photovoltaics

Photovoltaic devices convert solar energy into electricity through the
generation of an electron-hole pair at the interface of two different materials. Based on
the material used, maximum power conversion efficiency and the cost of fabrication,

photovoltaic solar cells can be categorized into three generations.

First generation PVs use high purity materials (single crystals) with expensive
processing cost. It is dominated by a single p-n junction, mainly silicon, with a
maximum power conversion efficiency of 25%.* Second generation PVs have lower
conversion efficiency, however less material is used with a much reduced cost. Thin
film PVs like amorphous silicon, CdTe (Cadmium telluride), and CIGS (Copper indium
gallium selenide) fall in this group where the thickness of the semiconductor material is
reduced to few micrometers. The major drawback of these two generations (single p-n
junction cells) is that their conversion efficiency is limited by Schockley-Queisser
theoretical limit of 30%.° The third generation PVs give efficiencies above Shockley-
Queisser limit and include polymer-based cells, multi-junction cells, quantum dot based
cells and dye-sensitized solar cells. Dye-sensitized solar cells are considered the most
prominent third generation solar cells. In contrary to the conventional silicon-based
solar cell, where the semiconductor has both tasks of absorbing light as well as charge
transport; in DSSCs the two tasks are separated. Because of their low cost, ease of
fabrication, and eco-friendliness, DSSCs have gained a great deal of attention and
intensive research interest over the past few decades. The following section will

provide more details on DSSCs.



1.3. Dye-Sensitized Solar Cells

The concept and operating mechanism of dye-sensitized solar cells dates back
to the 1960s when Gerischer and Tributsch first introduced a wide band gap metal-oxide
semiconductor ZnO with dyes such as Rose Bengal as photosensitizers.® However, the
efficiency of these cells remained low for several years. A breakthrough in this research
field occurred in 1991 when O’Regan and Gritzel initiated the use of a mesoporous
nanometer sized TiO, layer as the semiconductor together with a ruthenium based
sensitizer giving an overall efficiency up to 7%.” This pioneering work opened up a
new era in the field of DSSCs to find ways of improving its efficiency and stability. To
date, thousands of different metal-based as well as metal free organic dyes have been

molecularly designed and engaged in DSSCs with efficiencies reaching up to 15%.%%

1.3.1. Structure and Principle of Operation

A typical DSSC consists of: 1) a transparent conductive oxide (TCO) glass
substrate, usually fluorine-doped tin-oxide (FTO) which acts as the photoanode; 2) a
wide band gap semiconductor material, typically TiO,, deposited on the glass substrate
for electron transfer; 3) a layer of dye sensitizer adsorbed on the surface of the metal
oxide layer for photon harvesting; 4) a counter electrode which is coated with a catalyst
(usually, platinum) on a second TCO substrate; 5) and an electrolyte system consisting
of an organic solvent and a redox couple (typically, 1715).2? Figure 1 shows the basic

components in a DSSC.



Glass Substrate
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Figure 1: Basic components in a DSSC.

The working principle of a DSSC is illustrated in Figure 2. Under light
illumination, the dye sensitizer (S) absorbs the incident photon where electrons are
photoexcited from the HOMO to the LUMO of the dye leaving it in its electronically
excited state (S*) (equation 1). The excited dye can relax back to the ground state
(equation 2) or can undergo oxidative quenching by injecting the excited electron into
the TiO, conduction band to form the oxidized dye (D) (equation 3). Afterwards, the
oxidized dye restores back its ground state by electron donation from the redox couple
(I'/13) in the electrolyte system (equation 4). This process is known as dye regeneration
where iodide ion I is oxidized to triiodide ion I3". This is followed by the migration of
the electron through the semiconductor material and the external load till it reaches the
counter electrode, thus completing the electrical circuit. At the counter electrode and

with the help of the platinum catalyst the triiodide ion is reduced back to iodide ion by



capturing the migrating electron (equation 5), and the regenerative cycle is completed.

Meanwhile, two recombination reactions known as back electron transfer reactions can

take place in the cell. One reaction is the recombination of the electrons in the TiO,

conduction band with the oxidized dye (equation 6), and the other is the recombination

with the oxidized redox couple I3" in the electrolyte (equation 7).

The reactions taking place in a DSSC are:

(1)
(2)
3)
(4)
()
(6)
()

Photoexcitation: S+hv - S*

Emission: S* - S+ hv'

Electron injection: S* — S + e (TiO;)

Dye regeneration: 2S* + 317 - 2S + I3
Electrolyte regeneration: 13 + 2e~ — 31~
Recombination with oxidized dye: S* + ef;o, = S

Recombination with oxidized electrolyte: 13 + egjo, — 31~

Platinized
Dye Electrolyte FTO

Energy level

Figure 2: Working principle of a DSSC.



1.3.2. Electron Transfer Processes

One of the most important features in a DSSC, unlike conventional
photovoltaic devices, is that the task of light absorption and charge carrier transport are
separated.

The first step in the charge seperation process at the TiO, interface is electron
injection. Charge seperation results in the ultrafast injection of the electron from the
photoexcited dye into the metal oxide conduction band and the hole into the electrolyte.
The electron injection causes an upward shift in the TiO, Fermi level towards the
conduction band, which under illumination generates the photovoltage in the circuit.
This injection process is believed to occur in the femtosecond timescale.**** Efficient
electron injection requires a strong electronic overlap between the LUMO of the dye
and the semiconductor conduction band. Therefore, it is important that the dye
sensitizer has a binding group or an anchoring group that allows its attachment to the
mesoporous TiO, layer to facilitate the electron injection process.

Radiative and non radiative decay of the excited state dye (S*) to the ground
state (equation 2), which varies from picoseconds to nanoseconds, compete with the
electron injection process.” Therefore, it is important that the rate of injection to be
faster relative to the dyes' decay to the ground state. The movement of electrons in the
semiconductor conduction band is dominated by diffusion, mainly ambipolar diffusion,
a process in which the charge compensating cations in the electrolyte and the electrons
move through the film simultaneously.'® On the other hand, it is evident that during the
transport process the injected electrons might undergo trapping and detrapping process
where they can be captured by trap states located in the semiconductor band gap,'” or

they can thermally detrap back to the conduction band. The origin of these traps are due



to structural defects like oxygen vacancies™® that are located at the bulk or grain
boundaries of TiO,. This trapping process will slow down the electron transport prior to
recombination.

Dye regeneration is one of the most basic steps taking place in a DSSC.
Generally, for effective dye regeneration the oxidation potential of the dye should be
more positive than the redox potential of the electrolyte. Regarding kinetics, the rate of
dye regeneration should be greater than the rate of recombination of the dye cation with
the electrons in the semiconductor. During regeneration process, the resulting oxidized
dye (S™) is restored back to its original state by the electron donor I” in the electrolyte
(equation 4), which occurs in the microsecond timescale. The oxidation of I" occurs on
the dye-TiO; surface and the formed oxidized ion I3 migrates from the photoanode to
the catalytically active counter electrode where it is reduced to I (equation 5). At the
same time, the reduced species diffuses back to the photoanode where it is depleted, and
I5" is depleted at the counter electrode. The transport between the two electrodes occur
by diffusion, where the diffusion of I is faster than I3’, therefore, the current limitations
in DSSC are due to the transport of I5™ to the counter electrode.™

On the other hand, a series of reaction pathways compete with the major charge
transfer events taking place in the cell. One reaction is the recombination of the
electrons with the dye cation (equation 6), which occurs in the microsecond to
millisecond timescale and competes with the regeneration process. Hirata and
coworkers® and Durrant and coworkers®* demonstrated a possible way to retard charge
recombination by increasing the physical seperation between the dye cation and the

TiO, surface through the addition of an electron donor group to the dye sensitizer.



Due to the ability of the redox mediator to penetrate through the semiconductor
material reaching the FTO glass substrate two recombination reactions can occur
between the TiO; (e") and the acceptors in the electrolyte (equation 7) and at the part of
the FTO substrate that is exposed to the electrolyte (equation 8). The latter can be
retarded by the deposition of a TiO, blocking layer between the glass substrate and the
TiO, semiconductor layer.?? The former occurs in the millisecond timescale, and is
referred to as electron lifetime. A common way to suppress this recombination is by the
incorporation of long alkyl chain to the dye structure. These long chains form an
aliphatic network that blocks I3 from reaching the semiconductor surface, therefore,
retarding recombination and increasing electron lifetime and the photovoltage (Voc).?
Moreover, the presence of nitrogen-containing additives in the electrolyte such as tert-
butylpyridine (TBP) which causes an upward shift in the conduction band, as well as
adsorbs on the TiO; surface blocking the approach of triiodide ion is also believed to
suppress recombination.?*? Figure 3 summarizes the electron transfer in the cell with
the relative time constants.

(8) Recombination with the glass substrate: eg,q, + 15 = 17
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Figure 3: A schematic representation of the electron transfer processes in a DSSC.

1.3.3. Basic Parameters of DSSCs

The characterization of the cell depends on several photovoltaic parameters
which are the open circuit voltage (Voc), short circuit current (Js), incident photon to
current efficiency (IPCE), fill factor (ff), and the overall efficiency (1). These

parameters will be discussed below.

1.3.3.1. Incident Photon-to-Current Conversion Efficiency (IPCE)

The incident photon-to-current conversion efficiency corresponds to the
photocurrent density measured under monochromatic illumination generated in the

external circuit divided by the photon flux that strikes the cell.

IPCE = LHE(\) binjNcon = 1240 (%)
@



where LHE is the light harvesting efficiency, ¢inj is the quantum yield of electron
injection, 1o IS the collection efficiency of the injected electron , A is the wavelength,
Jsc is the short circuit current and ¢ is the incident radiative flux.?® Therefore, IPCE
depends on the efficiency of charge injection from the dye sensitizer to the conduction
band, on the amount of dye adsorbed on the semiconductor surface and on the collection

efficiency in the circuit.

1.3.3.2. Open-Circuit Voltage (Voc)

The Voc corresponds to the potential of the cell when no external load is
connected to the device and the current is zero. The voltage generated under light
illumination is determined by the difference between the Fermi-level of the electron in
the semiconductor (Eg,,) and the redox potential of the electrolyte (Er redox) and is

expressed as follows:
Voc = EF,redox - EF,n
N¢
EFn = ECB + kBTln(—)
) NC

where n. is the number of electrons in the semiconductor, N is density of state in the

conduction band, T is the temperature, kg is the Boltzmann constant.

1.3.3.3. Short-Circuit Current (Jsc)

Short-circuit current (Jsc) is the photocurrent per unit area (mA.cm™) measured
when the voltage is zero. A high Jsc can be obtained by having a strong electronic
coupling between the dye and the semiconductor, by using a sensitizer that absorbs light

in the visible to the near-IR part of the spectrum, by efficient dye regeneration, and low
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electron recombination reaction. From the I-V (current-voltage) curve Jsc can be

obtained at V=0, and V¢ at 1=0.

1.3.3.4. Fill Factor (ff)

The fill factor takes a value between 0 and 1 and it illustrates the shape of the I-

V curve. Itis expressed by the following equation:

f _ Pmax :Imax Vmax

~ VocJsc Voclsc

It is associated with the series resistance (Rs) and shunt resistance (Rsy) Where
increasing the shunt resistance and reducing the series resistance as well as decreasing

the overvoltage for electron transfer and diffusion are required to achieve high ff value.

1.3.3.5. Overall Conversion Efficiency (n)

The performance of the cell can be estimated by the overall sunlight-to-electric
power conversion efficiency which is given by the ratio of the maximum power output
(Pmax) over the power of incident light (Pi,). Usually it is tested under standard
irradiation conditions (AM 1.5, 100 mW/cm?). For high 1 values the three parameters

Jsc, Voc, and ff must be optimized.

_ Prhax _ JscVocf f
P P

1.3.4. Basic Components of DSSCs

1.3.4.1. Working Electrode

The basic role of the photoanode is related to light harvesting by providing a

large surface area for dye adsorption as well as transporting the injected electrons to the
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external circuit. The most commonly used wide-bandgap metal oxide semiconductor in
DSSCs is the n-type TiO,. TiO; is present in nature in many crystalline forms: rutile,
anatase and brookite. Despite the fact that rutile has the thermodynamically most stable
form, anatase is the adopted structure in DSSCs since it has a higher bandgap 3.2 eV vs.
rutile 3.0 eV as well as a higher conduction band energy leading to a higher
photovoltage. Moreover, the photocurrent for the anatase-based cells is higher
compared to the rutile ones; this is because the rutile film has a smaller surface area
therefore less amount of dye adsorption.?’

A typical DSSC consists of a ~ 10 um thick TiO, mesoporous layer with ~ 20
nm-sized particles deposited on the FTO substrate. This is followed by a sintering
process at 500°C to remove organic compounds and provide interconnection between
the particles. One of the restrictions in the dye sensitizer is its poor absorbance in the
near-IR region. A possible way to increase the optical path length and enhance the
harvesting of light in the red part of the spectrum is by incorporating a layer of 100-400
nm sized light scattering TiO, on top of the first mesoporous layer.?>*° Therefore,
combining two TiO; layers one with small and the other with large particle size
enhances the absorption of most dye in the red part of the spectrum.

Before and after the TiO, deposition , the photoanode is treated with aqueous
TiCl4 by chemical bath deposition, this is known as pre-treatment and post-treatment,
respectively.®® Pre-treatment of the glass substrate suppresses the recombination
between the 13" in the electrolyte and the electron in the FTO, as well as it provides
better interconnection between the glass substrate and the semiconductor layer. On the
other hand, the TiCl, post-treatment provides an extra ultrapure layer of TiO; on top of

the mesoporous TiO; film which might contain some impurities. Moreover, it increases
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the dye loading by increasing the surface roughness, thus enhancing the photocurrent.*

Figure 4 shows the optimized photoanode.

FTO glass substrate
TiCl, pre-treatment
Active transparent layer ~20nm
Light scattering layer ~100 — 400nm

TiCl, post-treatment

Figure 4: Optimized photoanode for DSSCs.

1.3.4.2. Counter Electrode

The counter electrode (CE) provides the catalytic site for the reduction of the
oxidized species in the electrolyte by capturing the migrating electrons from the
external circuit. Usually, the counter electrode glass substrate is coated with a platinum
layer; the choice of this catalyst is due to its catalytic properties, stability towards the
redox couple, low resistance, and large surface area that provides more sites for the
reduction of the triiodide ion. The transport of charges to the counter electrode is
accompanied by a number of resistances including the charge transfer resistance (Rcr)
at the CE/electrolyte interface which functions as a series resistance in the cell.**** An
overpotential (1) is required to drive the reaction at a current density (J) which is related
to the charge transfer resistance, where ideally the Rct should have a value less than
1 Q.cm? to avoid major losses. Therefore, it is crucial for the counter electrode to be

catalytically active in order to assure a low overpotential (1) and a quick reaction.

R = RT
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1.3.4.3. Electrolyte

The electrolyte system is one of the most important components in a DSSC. Its
basic function is the transport of charges between the two electrodes as well as the
regeneration of the oxidized dye.* In principle, the three photovoltaic parameters
photovoltage, short-circuit current, and the fill factor are affected by the electrolyte
system. Thus, several characteristics must be taken into account when choosing an
electrolyte:* 1) it should exhibit a weak absorption in the visible light; 2) it should
attain a long term stability and not cause desorption of the sensitizer; 3) the redox
potential must be more negative than the HOMO of the dye to ensure an effective dye
regeneration; 4) it must exhibit fast diffusion of the charge carrier with no mass-
limitation problems; 5) and a fast electron transfer kinetics is required at the counter
electrode. Electrolytes can be classified into liquid electrolytes, quasi-solid-state
electrolytes, and solid-state ionic conductors. Ever since the pioneering work done by
Gritzel, liquid electrolytes remain the most commonly used transport mediator in
DSSCs owing to some of their important features, namely their low viscosity, high
conductivity, and stability. In this section, the discussion will be narrowed to liquid
electrolytes only. The basic components in a liquid electrolyte include: organic solvent,
additives, and the redox couple.®” These components will be further discussed in the

following section.
e Organic Solvent

The basic role of the solvent is the dissolution of the redox couple along with
the other additives found in the electrolyte system. Typically, non-aqueous solvents are
I 38

used in DSSCs given the fact that water might have some harmful effects on the cel

The physical properties of the organic solvent like its melting point, boiling point,
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viscosity, dielectric constant etc. influence the cell's photovoltaic parameters. The
effect of the solvent on the performance of the cell is related to changes in the flatband
potential (Vs,) of the TiO, surface which in turn affects Voc and Jsc. Acetonitrile
(ACN), a class of nitrile solvents, is considered as the best polar organic solvent used in
DSSCs due to its good solubilizing ability, chemical stability as well as its low viscosity
allowing a high diffusion coefficient of the redox couple. However, acetonitrile has a
low boiling point (82°C) which might lead to the evaporation of the electrolyte under
the cell's operating conditions. In order to increase the boiling point and avoid sealing
problems, a mixture of nitrile solvents such as acetonitrile and valeronitrile is often
used.*® On another note, strong electron donating (basic) solvents such as DMSO and
DMF decrease the number of protons on the TiO, surface leading to a negative shift of
the conduction band level. The V¢ is thus higher due to the increase in the potential
difference between redox potential of the electrolyte and the TiO, Vs, but Jsc will
decrease due to the decrease in the driving force for the charge injection from the
excited dye to the semiconductor.*® A potential alternative for the volatile organic
solvents are the ionic liquid-based electrolytes (ILs) which are salts in the liquid state
and are entirely made of ions.***? ILs afford some characteristics like: non-volatile,

nonflammable, stable, and tunable viscosity making them a possible option in DSSCs.
e Additives

Additives are usually added to the electrolyte system to optimize the
photovoltaic performance of the cell. Their presence can cause changes in the
semiconductor material, shift in the conduction band level, increase in the electron
lifetime, modification in the redox couple potential, and changes in the rate of

recombination reactions.?* ***° Mainly, there are two kinds of additives used in
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DSSCs: the nitrogen-containing heterocyclic compounds, such as 4-tert-butylpyridine
(TBP), and the cations. In 1993, Gritzel et al. first reported the use of TBP as an
additive which resulted in a remarkable increase in Voc from 0.38 V t0 0.72 V.*° The
basic pyridine additive is believed to adsorb on the Lewis acid sites of the TiO, surface
preventing the approach of I3", thus decreasing the rate of back electron transfer at the
TiO,/electrolyte junction leading to an increase in the photovoltage. Moreover, TBP
deprotonates the TiO, surface causing an upward shift of the conduction band towards
negative potentials, which also explains the dramatic increase in Voc. Other nitrogen-
containing additives have also been investigated in DSSCs such as pyridine,

benzimidazole, pyrazole, and pyrimidine derivatives.***

Another class of additives contains the specific cations such as lithium (Li")
and guanidinium (G*) ions. The transport of the photo injected electrons into the
mesoporous oxide film is strongly affected by the cations in the electrolyte. In order to
achieve electro-neutrality in the TiO, film, the transport of electrons in the film is
followed by the simultaneous diffusion of the charge compensating cations in the
electrolyte system. The contribution of both the electrons and cations is what is known
as ambipolar diffusion.***° The cations in the electrolyte tend to adsorb or accumulate
on the titania surface and are expected to charge it positively leading to a positive
movement of the conduction band, this results in an increase in the injection efficiency
which in turn enhances the photocurrent density and drop in the photovoltage.
Moreover, the size of the cation plays a significant role on the photovoltaic parameters
inacell. Aseries of ions, Li*, Na*, K*, Rb*, and Cs* were investigated by Liu and
coworkers where they found that an increase in the cation radius (from Li* to Cs”,

respectively) resulted in an increase in Voc and decrease in Jsc.>! This can be explained
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by the ease of the small cations (Li*) to penetrate and combine with the electrons in the
film to form an ambipolar Li*-e” which increases the electron’s transport speed and thus
the Jsc. On the contrary, the small-sized cations tend to increase recombination
reactions and decrease Voc by combining with the triiodide ions. Despite the fact that
the two mentioned types of additives have opposite effects on the conduction band
level, both are used simultaneously in the electrolyte system to ensure that the two

photovoltaic parameters Voc and Jsc are optimized.

Other types of additives are the dye additives such as chenodeoxycholic acid
(CDCA) which is commonly used as a co-adsorbent in DSSCs. CDCA possesses an
anchoring group that can bind to the TiO,; however it doesn't have light absorbing
properties. In order to prevent dye aggregation on the TiO, film, the dye sensitizer can

be adsorbed in a solution containing CDCA, thus improving the cell's efficiency.

e Redox Couple

The redox mediator in a liquid electrolyte system assumes both the task of dye
regeneration and transport of charges between the working and the counter electrode.
As mentioned in the previous section, a sufficient driving force is required for dye
regeneration, whereby the energy level of the redox species should be relatively close to
the energy level of S/S*.2° Ever since the introduction of DSSCs, 1715 has been widely
used as a redox mediator in the electrolyte system achieving conversion efficiencies
greater than 11%.°%>* Several mechanisms for the reduction of the dye cation by 1715
have been proposed.’® *> One prevailing pathway which requires a large driving force

for regeneration consists of the formation of an intermediate complex [dye™ ---17]
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followed by the radical formation I, in the second step and finally its
disproportionation into I" and I3

For the past 20 years this redox couple is considered as the high-performance
electrolyte owing to some of its properties: ability to penetrate into the porous film, fast
dye regeneration, and slow electron recombination events. Despite its remarkable
performance, 1715 redox electrolyte is limited by several drawbacks:'**® 1) a high
overpotential is required for dye regeneration causing losses in the photovoltage; 2)
corrosiveness towards metal-based current collector (silver) and sealing materials in
large-scale DSSCs; 3) ability of triiodide ions and other polyiodides to absorb light in
the visible part of the spectrum (up to 450 nm) which competes with the dye sensitizer
and reduces the photocurrent in the cell; 4) mismatch in the redox potential of the redox
couple with that of the sensitizer causing significant losses in Voc. Due to such
limitations, considerable amount of effort has been made to find alternative iodine-free
redox couples.”” In 2010, Feldt et al. reported a highly efficient DSSC based on a

transition-metal based cobalt tris(bipyridine) redox shuttle [Co(bpy)]**?*

together with a
bulky triphenylamine-based organic dye sensitizer achieving an open-circuit potential
up to 1V.*® Following this work, promising efficiencies up to 12% were achieved with
cobalt-based DSSCs in combination with organic dyes and metal-based dyes.** >
Unlike iodine-based electrolytes, the one-electron outer-sphere cobalt complexes exhibit
good stability, weak light absorption, higher redox potential and a tunable structure by
modifying the ligands. However, these redox couples are limited by fast charge
recombination of Co®* complex with the photo injected electrons leading to shorter
electron lifetimes, as well as mass transport problems associated to their large size and

heavy mass leading to slow diffusion across the TiO, film to the counter electrode.®®®
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A significant way to suppress the undesirable recombination reaction is by increasing
the steric bulkiness of the dye sensitizer by adding long insulating alkyl chains.
Moreover, when working with diffusion-limited redox couples, the film thickness, pore
size and the porosity of the TiO- layer should be controlled and optimized.*® To
minimize the diffusive problems of the relatively large cobalt complexes, a thin and
more porous TiO, film is required which can be achieved by diluting the TiO, paste
with ethyl cellulose.®® Also, decreasing the TiCl. concentration during post-treatment
can increase the pore size as well as the porosity of the film thus improving the
transport rate of the cobalt species.®” Other redox complexes that were investigated
include Cu(l)/Cu(l1), ferrocene/ferrocenium (Fc/Fc*), and thiolate/disulfide (T7/T,) with

conversion efficiencies of 8%, 7.5% and 6.44%, respectively.®® "

1.3.4.4. Sensitizer

The basic role of the dye sensitizer is to absorb the incident photon and convert
it to current. In addition to light harvesting, the dye is responsible for charge injection
and seperation which occurs at the interface of the dye-TiO, surface and the electrolyte.
An ideal sensitizer must have a broad absorption spectrum where it should be able to
absorb light in the visible region and part of the near-IR region. A high molar
extinction coefficient (¢) is also required especially when working with thin-film
DSSCs. Moreover, for efficient dye regeneration the oxidized state level of the dye
should be more positive than the redox potential of the electrolyte, and for a sufficient
driving force for electron injection the excited state level of the sensitizer should be
higher in energy than the TiO, conduction band (-0.5 V vs. NHE). In addition, the dye

should not aggregate on the electrode surface, as well as its structure must be optimized
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to minimize charge recombination at the TiOy/electrolyte interface. Finally, the dye
sensitizer must have a suitable anchoring group (carboxylate, phosphonate etc.) to bind
on the TiO; surface, thus providing a good electronic coupling between the LUMO of
the dye and the conduction band.”* Many dyes have been designed in the past couple
decades that could meet these requirements. Generally, dye sensitizers can be metal-
based such as porphyrins, ruthenium (11) complexes etc. and metal free organic dyes.
The metal complex dyes consist of a central metal, ancillary ligands and anchoring
groups. In particular, Ru complexes have been widely investigated due to their
favorable electrochemical and photovoltaic properties as well as their broad absorption
spectrum.’® On the other hand, organic dyes have emerged as potential alternatives to
the ruthenium dyes because they can be easily designed and synthesized, exhibit a high
molar extinction coefficient, have a low cost, and finally DSSCs with organic dyes
show higher efficiencies. The basic structure of an organic dye is D-z-A where D is the
donor group, 7 is a conjugated linker and A is the acceptor unit which also acts as the
anchoring group. When the dye absorbs light an intramolecular charge transfer (ICT)
occurs from the donor group to the acceptor through the n bridge. Also, by adopting
this structure, the HOMO and LUMO energy levels of the dye can be adjusted by
varying the donor, 7 and acceptor units, thus extending the absorption spectra.
Typically, carboxylic acid and cyanoacrylic acid groups are the most commonly used
anchors as well as electron accepting groups in dyes owing to their excellent electron
withdrawing abilities. The carboxyl groups are believed to bind on the Brgnsted acid
sites of the TiO, surface providing a good electronic communication between the dye
and semiconductor. Despite the fact that cyanoacrylic acid-based anchoring groups

combine both the strong electron withdrawing capacity of the cyano-group as well as
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the binding abilities of the carboxyl group, these groups tend to desorb from the
semiconductor surface as well as degrade and convert to aldehyde in the presence of
water.”® In 2011, OOyama and co-workers reported the use of a pyridine ring as an
anchoring and electron acceptor group on a number of carbazole-based organic dyes
instead of the traditional carboxyl groups.”® Their work was based on the design of an
effective pyridine-based organic dye N16 with Jsc= 5.63 mA.cm™ and n= 1.84%
compared to a conventional carboxyl-based dye NI2 with Jsc= 3.07 mA.cm™ and n=
0.97%.”* This suggested that the pyridine ring provides efficient electron injection from
the dye to the semiconductor material. The structures of N16 and NI2 are shown in
figure 5. Unlike the carboxyl groups, the pyridine's binding mode on the TiO; surface
occurs through a coordinate bonding between the Lewis acid sites of TiO, (Ti"™" cations)

and the lone pair of electrons on the nitrogen atom of the pyridine ring.

QN N QN COOH
O S .

Figure 5: Structures of N16 and NI2, respectively.

NI6

A possible way to extend the absorption spectra in DSSCs is by adsorbing on
the TiO, film two dyes with complementary spectra (blue and red absorbing dyes).”
This is known as co-sensitization, where it also requires compatibility between the dyes

to prevent mutual interactions. A successful co-sensitization was reported in 2015
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between a carboxy-anchor organic dye and an alkoxysilyl-anchor dye resulting in a
record conversion efficiency of 14.3% and Voc above 1 V.2
e Triphenylamine Dyes

Triphenylamine-based organic sensitizers (TPA) have been widely investigated
due to their electron donating abilities and hole transporting capability. These donor
groups have achieved high power conversion efficiencies up to 10.3% over the past few
years.”® In addition to their donating ability, the non-planar TPAs can suppress
aggregation and charge recombination as well as increase the molar extinction
coefficient of the dye sensitizer.”®"® Yanagida and co-workers first reported the
synthesis of a triphenylamine donor group in a dye sensitizer (1) with methine unit as a
spacer to expand the m-conjugated system, achieving a PCE of 5.3%.”° Moreover, Ellis
and co-workers showed that the introduction of thiophene units on the n-conjugated
moiety of a series of TPA-based organic dyes extended their spectral response into the
red region of the spectruum.®® In addition, it was demonstrated by Lee and co-workers
that the addition of a bulky alkoxy group onto to the triphenylamine donor moiety (dye
HKK-BTZ4) red-shifts the absorption spectrum, mainly due to the destabilization of the
donor's HOMO and the reduction of the HOMO-LUMO energy gap, as well as these
groups prevent dye aggregation.* The structures of dye 1 and HKK-BTZ4 are shown

in figure 6.
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Figure 6: Structures of 1 and HKK-BTZ4, respectively.

e Blue Dyes

Near-infrared absorbing dyes, in particular blue and green dyes, are of great
interest due to their ability of absorbing the incident photon in the red and near-IR part
of the spectrum. Compared to red sensitizers, very few efficient blue sensitizers have
been developed over the past years and it is noteworthy to mention that a great effort is
being made to molecularly synthesize efficient near IR dyes for DSSCs. Squaraine-
based sensitizers are well known for their sharp and intense absorption in the near-IR
region yielding blue colored solar cells; however the device's performance with these
dyes was always poor yielding low efficiencies which is mainly due to dye aggregation
and poor electron injection.?®” Another blue organic dye belonging to the perylene
imide derivatives (iPr-PMI dye) was also reported; this dye displays an intense
absorption in the near-IR part of the spectrum at around 700 nm.®® However, the
perylene-sensitized solar cell exhibits a limited cell performance with a power
conversion efficiency reaching up to 2.6%.% The structure of the electron donating
perylene tetracarboxylic acid derivative dye iPr-PMI is shown in figure 7. In 2014,

Gritzel and coworkers synthesized a promising blue [1,2,5]thiadiazolo[3,4-c]pyridine-
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containing organic dye (PT-2) exhibiting a reduced HOMO-LUMO band gap and
consisting of a strong electron acceptor group and thiophene as a z-bridging unit.®® The
PT-2-based DSSC using iodine as an electrolyte achieved a conversion efficiency of
around 6.7%.%° The molecular structure of PT-2 is shown in figure 8. Very recently, in
2018, a novel and stable dye R6 was designed which when adsorbed on the TiO, film
gave a very bright sapphire color. The DSSC with this dye achieved a remarkable
efficiency of 12.6% in the presence of Co(ll/111) tris(bipyridyl) redox couple which is
by far the highest performance in the family of blue dyes.*® R6 is based on strong
electron donating polycyclic aromatic hydrocarbon (PAH) group along with
diarylamine as an electron donor and benzoic acid electron acceptor. Its structure is

shown in figure 9.

Figure 7: Molecular structure of iPr-PMI with R=2, 6-diisopropylphenyl.

Figure 8: Molecular structure of PT-2.
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Figure 9: Molecular structure of R6.

Over the past few years, diketopyrrolopyrrole (DPP)-based polymers have been
commonly used as organic building blocks in optoelectronic applications, mainly
organic field-effect transistors (FET), and photovoltaic applications.”* 1,4-
diketopyrrolopyrrole (DPP) with pyrrole[3,4-c]pyrrole-1,4-dione as the core
chromophore unit were first reported and synthesized by Farnum and coworkers in
1974.% The conjugated and planar bicyclic structure of the DPP moiety as well as its
electron withdrawing abilities makes it a suitable chromophore in low band gap donor-
acceptor materials. Recently, DPP-based sensitizers have been introduced to DSSCs as
blue-colored dyes yielding satisfactory efficiencies reaching up to 10%.°% DPPs are
characterized by a planar conjugated bicyclic structure, which particularly consists of
two electron withdrawing cyclic amide groups, making it a successful n-conjugated unit
in organic dyes. However, the big conjugated system has a tendency to form n-n
stacking aggregation on the TiO, film which increases charge recombination; this can

be suppressed by attaching long alkyl chains on the lactams nitrogen atom. Moreover,
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N-alkylation can increase the solubility of the DPP chromophores in organic solvents.
The DPP core is usually substituted with a strong electron donating thienyl group
DPP(Th),'%% which shifts the absorption towards longer wavelengths due to
enhanced intramolecular charge transfer transitions. The structure of the DPP moiety
with the attached thiophene units is shown in figure 10. In 2016, Gritzel and co-
workers reported the synthesis of a DPP sensitizer with a triphenylamine donor group
and a cyanoacrylic acid electron acceptor group (Dyenamo Blue DB) which when
assembled with a cobalt-based electrolyte achieved an efficiency of 7.3%. In order to
extend the absorption spectra and improving the device's performance, this blue dye was
successfully co-sensitized with a red organic dye D35 having a complementary

105

absorption spectra resulting in an efficiency of 8.7% with the cobalt redox couple.

The structures of DB and D35 are shown in figure 11.

Figure 10: Thienyl DPP chromophores with R as the attached alkyl chains.
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Figure 11: Structures of D35 and DB, respectively.
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1.4. Electrochemical Impedance Spectroscopy (EIS)

EIS is a useful tool to study the transport and charge transfer processes taking
place in a DSSC. It measures the current response by applying an AC voltage as a
function of frequency.'®® The impedance response of a DSSC is related to different
internal resistance elements that can be fitted into an equivalent circuit which include:
series resistance, charge transfer resistance at the counter electrode, resistance of
electron transport, diffusion resistance of the electrolyte and the chemical capacitance at
the TiO, interface.*'% Under open circuit voltage, the impedance spectrum of a
DSSC is represented in the form of Nyquist plot where Z’’ the imaginary impedance is
plotted as a function of Z’ the real impedance. Typically, it features three semicircles;
the first semicircle (left) at the high frequency region is attributed to the charge transfer
resistance (Rpt) and the double layer capacitance (Cpy) at the platinized counter
electrode, the middle frequency region corresponds to the charge transfer resistance of
the recombination reaction between electrons in the TiO; film and the electrolyte (Rct)
and the chemical capacitance of the metal oxide film (C,), and the low frequency
semicircle demonstrates the diffusion resistance of ions in the electrolyte (Zg). In the
Nyquist plot, the distance between the origin of the x-axis (Z’) and the intercept of the
high frequency semicircle corresponds to the series resistance (Rs) which is related to
the sheet resistance in the FTO. Moreover, from the charge transfer resistance and the
chemical capacitance, the electron lifetime (t) can be obtained =Rct.C,.. The typical

Nyquist plot and the electrical equivalent circuit of a DSSC are shown in figure 12.
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Figure 12: Nyquist plot and the equivalent circuit of the DSSC.
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1.5. Objective of thesis

Highly efficient DSSCs with remarkable photovoltaic performance have been
attained by employing metal-free organic dyes with different electrolyte systems,
particularly, great efforts have been made to molecularly design and synthesize efficient
organic blue dyes where the ultimate goal is to reach efficiencies as high as 15%. The
fact that many red sensitizers with absorptions below 500 nm have been synthesized and
successfully used in DSSCs over the past years while leaving a great part of the incident
photon in the near-IR part of the spectrum unused is the main reason why many efforts
are being done to design efficient blue-colored dyes to be employed in DSSCs. Among
the most promising blue sensitizers that have been recently reported are the DPP-based
dyes consisting of a cyanoacrylic anchoring group achieving remarkable efficiencies.
Inspired by the fact that the number of blue dye is still somehow scarce, we aim on
synthesizing three novel pyridine-based organic dyes T220, T221 and T222 (two of
which turned out to be blue and one orange in color) and study them in fully assembled
DSSCs as the sole dyes or when co-adsorbed with dyes that complements their
absorption spectra. These dyes have the form donor-n-acceptor-n with a terminal
pyridine anchoring group which also acts as an electron acceptor, a bulky
triphenylamine as a donor group, and thiophene as the n-conjugated system while
varying the middle acceptor moiety between the three dyes which shifts the absorption
towards the red part of the spectrum. T221 and T222 belong to the family of
diketopyrrolopyrrole (DPP) and Pechmann-based dyes, respectively. The proposed
dyes will be studied for the conversion of light into electricity in fully assembled DSSC
using cobalt (11/111) redox couple which has been proved to be efficient for structurally

similar dyes.?® The structure of the three dyes is shown in figure 13.
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Figure 13: Molecular structure of the three proposed dyes.
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CHAPTER 2

EXPERIMENTAL SECTION

2.1. Materials and Instrumentation

All organic chemicals were purchased from Sigma-Aldrich and used as
supplied. The DB, D35 dye and 2',4'-dibutoxy-N-(2',4'-dibutoxy-[1,1'-biphenyl]-4-yl)-
N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-[1,1'-biphenyl]-4-amine
were purchased from Dyenamo (Sweden). FTO glass "Tec15" and “Tec8” were
purchased from Pilkington (USA). TiO, colloids 30NR-D and WER2-O were purchased
from Dyesol (Australia). The NMR spectra (*H and *C) were measured on a Bruker
AM 500 MHz spectrometer. UV-vis spectra were recorded on a Jasco V-570
UV/Vis/NIR spectrometer. Steady state emission spectra were measured on a
JobinYvon Horiba Fluorolog-3 spectrofluorometer. The electrochemical setup
consisted of a three-electrode cell, with a platinum rod as the working electrode, a Pt
wire ~ 1 mm diameter as the counter electrode, and Ag/Ag” (10 mM AgNO3) as the
reference electrode. The electrochemical measurements were performed in 0.1 LiClO4
in DMF, and Fc/Fc* standard (0.69 vs NHE in DMF) was used as an internal reference.
Electrochemical impedance spectra of the DSSCs were performed with CH Instruments
760B (USA). The obtained impedance spectra were fitted with the Z-view software
(v2.8b, Scribner Associates Inc.). The spectra were performed in the frequency range
0.1 Hz - 10° Hz with oscillation potential amplitudes of 10 mV at RT under open circuit
conditions at different light levels. IPCE% spectra were recorded using a Newport

74000 Cornerstone™ monochromator. Photocurrent vs. Voltage characteristics were
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measured with a Keithley 2400 sourcemeter and a solar simulator illuminated by a
Xenon arc lamp (Oriel) through an AM1.5 simulation filter (ScienceTech). The

irradiated area of the cell was 0.5 x 0.5 ¢cm? with a 0.6 x0.6 cm? black mask.

2.2. Computational Studies

Calculations were carried out using Gaussian 03."'* Geometries
were optimized using the 6-31G* basis set with (CAM-B3LYP) in water (C-

PCM algorithm).**

2.3. Dye Synthesis
2.3.1. Synthetic Procedure of T220
2.3.1.1. Synthesis of 1-(2-ethylhexyl)-1H-pyrrole-2, 5-dione (1)***

Maleic anhydride (10.0 g, 101.9 mmol) was dissolved in 30 mL
dichloromethane. 16 mL of 2-ethyl-1-hexamine in 64 mL dichloromethane were added
drop wise to the mixture over 10 minutes. After the addition was complete, the reaction
was allowed to stir and left overnight after which the organic solvent was removed
under reduced pressure. 100 mL acetic anhydride and 10.1 g of sodium acetate were
added to the flask and the mixture was stirred at 40°C for 2 hours. After 2 hours, the
reaction mixture was poured into 400 mL cold water and extracted with hexane. The
combined organic layer was washed with aqueous sodium bicarbonate and dried over
magnesium sulfate. The solvent was then evaporated and a yellow oil was obtained
which was further purified by column chromatography using hexane as eluent to get the
pure 1-(2-ethylhexyl)-1H-pyrrole-2, 5-dione (10.5 g, 50% yield). *H NMR (500 MHz,

CDCls) 9 6.62 (s, 2H), 3.36 (d, J = 7Hz, 2H), 1.63-1.66 (m, 1H), 1.12-1.24 (m, 8H),
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0.80-0.83 (m, 6H). *C NMR (125 MHz, CDCls) § 171.18, 133.98, 41.74, 38.21, 30.41,

28.45, 23.75, 23.00, 14.05, 10.38.

2.3.1.2. Synthesis of 3, 6-bis (5-bromo-2-thienyl)-1, 2, 4, 5-tetrazine (2)***

5.3 mL hydrazine monohydrate was added drop wise to 5-bromo-2-
thiophenecarbonitrile (4.72 g, 25.1 mmol) and sulfur (0.48g, 15 mmol) in 10 mL
ethanol. The mixture was heated at reflux for 2 hours and the cooled mixture was
filtered to obtain a light brown solid. The obtained solid was dissolved in
dichloromethane and a solution of sodium nitrite (3.9 g, 56.5 mmol) and water was
added to the mixture. Acetic acid was added drop wise and the reaction mixture was
allowed to stir overnight. The solvent was then removed under reduced pressure and
the precipitate was filtered and washed with water and ethanol. The crude product was
then recrystallized from ethanol to afford 3, 6-bis (5-bromo-2-thienyl)-1, 2, 4, 5-
tetrazine as a pure red solid (3.59 g, 35% yield). *H NMR (500 MHz, CDCls) 6 7.95 (d,
J = 4Hz, 2H), 7.17 (d, J = 4Hz, 2H). **C NMR (125 MHz, CDCl5) § 160.73, 137.01,

132.14, 131.33, 121.01.

2.3.1.3. Synthesis of 1,4-bis(5-bromo-2-thienyl)-6-(2-octyldodecyl)-5H-pyrrolo[3,4-
d]pyridazine-5,7(6H)-dione (3)'*°

Compound 1-(2-ethylhexyl)-1H-pyrrole-2, 5-dione (1.04 g, 4.96 mmol),
compound 3, 6-Bis (5-bromo-2-thienyl)-1, 2, 4, 5-tetrazine (1.0 g, 2.48 mmol) and
diphenyl ether were mixed together and the reaction mixture was heated to 150°C for 24
hours. The mixture was then cooled and the obtained solid was filtered and washed
with hexane to get 1,4-bis(5-bromo-2-thienyl)-6-(2-octyldodecyl)-5H-pyrrolo[3,4-

d]pyridazine-5,7(6H)-dione as a pure yellow solid (1.13 g, 78% vield). *H NMR (500
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MHz, CDCls) 6 8.65 (d, J = 4.5Hz, 2H), 7.22 (d, J = 4.5Hz, 2H), 3.70 (d, J = 7Hz, 2H),
1.83-1.88 (m, 1H), 1.31-1.41 (m, 8H), 0.90-0.96 (m, 6H). *C NMR (125 MHz, CDCls)
0 167.40, 147.97, 139.35, 133.99, 131.71, 122.14, 121.08, 43.01, 38.26, 30.97, 28.46,

23.85, 22.98, 14.07, 10.36.

2.3.1.4. Synthesis of T220

In a 50 mL round bottom flask, 1,4-bis(5-bromo-2-thienyl)-6-(2-octyldodecyl)-
5H-pyrrolo[3,4-d]pyridazine-5,7(6H)-dione (0.40 g, 0.68 mmol), 4-pyridinyl boronic
acid (0.092 g, 0.75 mmol, 1.1 eqv) and 2',4'-dibutoxy-N-(2',4'-dibutoxy-[1,1'-biphenyl]-
4-yl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-[1,1'-biphenyl]-4-
amine (0.61 g, 0.75 mmol, 1.1 eqv) were added along with triphenyl phosphine C1gH;5P
(0.08 g, 0.28 mmol), potassium carbonate K,COj3 (1.38 g, 9.98 mmol) and palladium
acetate Pd(OACc); (0.012 g, 0.054 mmol). A mixture of 25 mL dioxane: THF: water
(3:2:1) was added and the solution was purged with argon and refluxed for 48 hours.
The reaction mixture was cooled, and the solvent was removed under reduced pressure.
The obtained solid was then extracted with dichloromethane washed with water and
dried with sodium sulfate. The resulting solid was purified by column chromatography
with dichloromethane and 5% methanol as mobile phase. T220 was then isolated as a
pure orange solid (0.22 g, 26% yield). Mp: 210.5-213 °C. *H NMR (500 MHz,
DMSO-dg) & 8.68 (d, J = 6.0 Hz, 2H), 8.13 (d, J = 4.1 Hz, 1H), 7.91 (d, J = 4.1 Hz, 1H),
7.79 (d, J = 6.1 Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H), 7.52 (d, J = 8.5 Hz, 5H), 7.48 (d, J =
4.0 Hz, 1H), 7.30 (d, J = 8.3 Hz, 2H), 7.16 (d, J = 8.2 Hz, 6H), 6.69 (d, J = 2.4 Hz, 2H),
6.64 (dd, J; = 8.6, J, = 2.3 Hz, 2H), 4.07 (dt, 9H), 3.18 (t, 3H), 1.79 — 1.68 (m, 9H),

155 1.37 (m, 11H), 1.09 (t, 7H), 0.9 (t, 7H), 0.88 (t, 7H). *C NMR (125 MHz,
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DMSO) 6 206.99, 166.04, 159.75, 157.01, 150.97, 149.64, 148.29, 147.75, 146.65,
145.26, 142.50, 140.80, 138.30, 133.77, 131.00, 130.67, 127.96, 127.68, 127.60,
127.10, 124.18, 123.32, 122.28, 119.99, 106.41, 100.72, 68.12, 67.68, 31.28, 31.17,
30.73, 28.87, 23.81, 23.03, 19.29, 14.50, 14.13, 11.01. MALDI-TOF MS (m/z):

calculated for C;3H79N5s06S,, 1186.6; found, [M + H,0] 1204.5.

2.3.2. Synthetic Procedure of T221

2.31.56.1. Svynthesis of 2, 5-dihydro-3, 6-di-2-thienylpyrrolo [3, 4-c] pyrrole-1, 4-dione
‘@

50 mL of Tertiary amyl alcohol was dissolved in potassium tert-butoxide (5.45
g, 48.6 mmol) under argon and the mixture was heated up to 100°C. 2-
thiophenecarbonitrile (5.30 g, 48.6 mmol) and diethyl succinate (2.94 g, 16.9 mmol)
were added at the same temperature and left for 3 hours. The reaction mixture was then
cooled and poured into 85 mL methanol and 35 mL acetic acid and the precipitate was
filtered and washed with water and methanol to obtain 2, 5-dihydro-3, 6-di-2-
thienylpyrrolo [3, 4-c] pyrrole-1, 4-dione as a purple solid (1.10 g, 8% vyield).

2.3.2.2. Synthesis of 2, 5-diethylhexyl-3, 6-dithiophen-2-ylpyrrolo [3, 4-c] pyrrole-1, 4-
dione (5)™°

Compound 2, 5-dihydro-3, 6-di-2-thienylpyrrolo [3, 4-c] pyrrole-1, 4-dione
(0.88 g, 2.93 mmol), K,CO3 (1.62 g, 11.72 mmol, 4 eqv) and 2- ethylbromohexane
(1.69 g, 8.79 mmol, 3 eqv) were dissolved in 25 mL DMF with a small amount of 18-
crown ether at 145°C under argon and the reaction was left overnight. The reaction
mixture was cooled and poured into ice-water and extracted with dichloromethane. The
combined organic layer was dried over sodium sulfate and the organic solvent was

removed under reduced pressure. The obtained solid was purified by column
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chromatography using hexane, 30% DCM as eluent. The obtained solid was poured
into methanol and suction filtration was performed. A pure purple solid 2, 5-
diethylhexyl-3, 6-dithiophen-2-ylpyrrolo [3, 4-c] pyrrole-1, 4-dione was obtained (0.10
g, 7% vield). 'HNMR (500 MHz, CDCl5) 6 8.81 (d, J = 5 Hz, 2H), 7.55 (d, J = 3 Hz,
2H), 7.21 (d, J = 3.5 Hz, 2H), 4.00 (p, 4H), 1.79-1.77 (m, 2H), 1.30-1.16 (m, 16H),
0.82-0.76 (m, 13H) B3C NMR (125 MHz, CDCl3) 0 160.74, 139.41, 134.27, 129.52,

128.79, 127.41, 106.88, 44.82, 38.04, 29.17, 27.32, 22.48, 22.04, 13.01, 9.45.

2.3.2.3. Synthesis of 2,5-diethylhexyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]-
pyrrole-1,4-dione (6)!*®

Compound 2, 5-diethylhexyl-3, 6-dithiophen-2-ylpyrrolo [3, 4-c] pyrrole-1, 4-
dione (0.25 g, 0.48 mmol) and NBS (0.18 g, 1 mmol, 2.1 eqv) were dissolved in acetic
acid and chloroform. The mixture was stirred at room temperature for 24 hours. The
organic solvent was removed under reduced pressure, and the residue was washed with
methanol and filtered to obtain 2,5-diethylhexyl-3,6-bis(5-bromothiophen-2-
yl)pyrrolo[3,4-c]-pyrrole-1,4-dione as a pure purple solid (0.10 g, 31% vield). *H NMR
(500 MHz, CDCl3) 6 8.57 (d, J = 4Hz, 2H), 7.16 (d, J = 4Hz, 2H), 3.84 (p, 4H), 1.77-1.75
(m, 2H), 1.31-1.20 (m, 16H), 0.83-0.74 (m, 13H). *C NMR (125 MHz, CDCl5) & 161.56,
138.33, 134.38, 130.46, 130.13, 118.06, 107.02, 44.96, 38.06, 28.68, 28.60, 22.52, 22.01,

13.00, 9.42.
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2.3.2.4. Synthesis of T221

In a 50 mL round bottom flask, 3,6-bis(5-bromo-2-thienyl)-2,5-bis(2-
ethylhexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (0.20 g, 0.29 mmol), 4-
pyridinyl boronic acid (0.034 g, 0.32 mmol, 1.1 eqv) and 2',4'-dibutoxy-N-(2',4'-
dibutoxy-[1,1'-biphenyl]-4-yl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)-[1,1'-biphenyl]-4-amine (0.26 g, 0.32 mmol. 1.1 eqv) were added along with
triphenyl phosphine C1gH15P (0.034 g, 0.12 mmol), potassium carbonate K,CO3 (0.58 g,
4.2 mmol) and palladium acetate Pd(OAc), (0.0051 g, 0.023 mmol). A 25 mL mixture
of dioxane: THF: water (3:2:1) was added and the solution was purged with argon and
refluxed for 48 hours. The solvent was then removed under reduced pressure and the
obtained solid was extracted with dichloromethane, washed with water dried with
sodium sulfate. The resulting crude solid was purified by column chromatography with
dichloromethane and 3% methanol as eluent. T221 was isolated as a pure blue solid
(0.10 g, 27% vield). Mp: 66.8-67.5 °C. *H NMR (500 MHz, Acetone-ds) 5 9.05 (d, J =
4 Hz, 1H), 8.86 (d, J = 4 Hz, 1H), 8.53 (d, J = 6 Hz, 2H), 7.84 (d, J = 4 Hz, 1H), 7.61
(d, J = 2.5 Hz, 2H), 7.60 (s, 2H), 7.55 (d, J = 4 Hz, 1H), 7.42 (d, J = 8.5 Hz, 4H), 7.16
(d, J = 8.5 Hz, 2H), 7.07 (d, J = 8.5 Hz, 4H), 7.02 (d, J = 9 Hz, 2H), 6.53 (d, J = 2.5 Hz,
2H), 6.48 (dd, J; = 8.5, J, = 2.5 Hz, 2H), 4.02 — 3.94 (m, 4H), 3.92 (td, 10H), 1.65 —
1.52 (m, 12H), 1.36 (dq, 14H), 0.87 (t, 8H), 0.82 (t, 14H), 0.74 — 0.71 (m, 8H). *C
NMR (125 MHz, Acetone-dg) ¢ 207.40, 207.25, 207.08, 161.77, 158.88, 152.52,
136.30, 132.23, 126.20, 121.47, 107.64, 102.02, 69.68, 69.22, 33.06, 32.93, 25.29,
24.61, 20.95, 20.84, 15.24, 15.06, 15.04, 11.74. MALDI-TOF MS (m/z): calculated for

Cs1HosN4OgS,, 1285.8; found 1285.6.
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2.3.3. Synthetic procedure of T222
2.3.3.1. Synthesis of (E)- 4-(5-bromo-2-thienyl)-4-oxo-2-butenoic acid (7)**’

2-Bromothiophene (20.00 g, 0.12 mol) and maleic anhydride (12.02 g, 0.12
mol, 1 eqv) were dissolved in 500 mL dichloromethane in an ice bath. AICl; (32.70 g,
0.24 mol, 2 eqv) were then added in small portions and the mixture turned from
colorless to dark brown. The reaction was allowed to stir at room temperature for 24
hours. The mixture was then poured into 500 mL ice cold 1M HCI. The organic layer
was separated and washed with water and dried over magnesium sulfate. After solvent
evaporation, the obtained residue was suspended in hexane and filtered to obtain a pure
light brown solid (E)- 4-(5-bromo-2-thienyl)-4-oxo-2-butenoic acid (14.00 g, 47%
yield). 'HNMR (500 MHz, CDCl3) 6 7.71 (d, J = 15.5 Hz, 1H), 7.55 (d, J = 4 Hz, 1H),
7.12 (d, J = 4 Hz, 1H), 6.89 (d, J = 15.5 Hz, 1H). **C NMR (125 MHz, CDCl3) 6

179.62, 169.69, 144.07, 136.51, 136.12, 133.90, 133.81, 133.00.

2.3.3.2. Synthesis of (E)-5,5-(5-bromo-2-thienyl)bifuranylidenedione (8)*’

In a 50 mL round bottom flask, (E)- 4-(5-bromo-2-thienyl)-4-oxo-2-butenoic
acid (8.7 g, 35.49 mmol), CuCl (1.26 g, 12.77 mmol, 0.35 eqv) and NH4CI (1.86 g,
34.42 mmol, 0.97 eqv) were dissolved in 50 mL acetic anhydride and refluxed for 2
hours during which the mixture turned dark purple. The mixture was cooled and the
solid was collected by filtration and washed with acetic acid and ethanol. The purple
solid was placed in a soxhlet thimble and extracted for 5 days using boiling chloroform

to yield (E)-5,5-(5-bromo-2-thienyl)bifuranylidenedione (2.25 g, 13% vyield).
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2.3.3.3. Synthesis of 2H-pyrrol-2-one, 5-(5-bromo-2-thienyl)-3-[5-(5-bromo-2-thienyl)-
1-(2-ethylhexyl)-1,2-dihydro-2-0x0-3H-pyrrol-3-ylidene]-1-(2-ethylhexyl)-1,3-dihydro-
(3E) [9)118

Compound (E)-5,5-(5-bromo-2-thienyl)bifuranylidenedione (1.25 g, 2.57

mmol) and 2-ethyl-1-hexamine (1.16 g, 8.99 mmol, 3.5 eqv) were dissolved in 150 mL
dichloromethane at room temperature and the mixture was left to stir for 24 hours to
form a dark brown clear solution. Then TsOH.H,0 (2.47 g, 14.13 mmol, 5.5 eqv) and
the solution turned green-blue and was allowed to stir for 3 hours. The organic layer
was then washed with water and NaHCO3 and dried over sodium sulfate. The residue
was subjected to chromatography with 70% hexane and 30% DCM as eluent to afford
2H-pyrrol-2-one, 5-(5-bromo-2-thienyl)-3-[5-(5-bromo-2-thienyl)-1-(2-ethylhexyl)-1,2-
dihydro-2-oxo-3H-pyrrol-3-ylidene]-1-(2-ethylhexyl)-1,3-dihydro-, (3E) as a pure blue
solid (0.17 g, 9% yield). *HNMR (500 MHz, CDCls) ¢ 7.14 (d, J = 5 Hz, 2H), 7.10 (d,
J=3.5Hz, 1H), 7.02 (d, J = 4 Hz, 1H), 6.96 (d, J = 5 Hz, 3H), 6.89 (d, J = 4 Hz, 2H),
3.67 (p, 8H), 1.21-1.14 (m, 36H), 0.79-0.74 (m, 24H). *C NMR (125 MHz, CDCls) §
169.70, 143.31, 133.63, 132.24, 130.77, 130.06, 127.17, 126.78, 126.34, 43.79, 37.86,
29.21, 27.28, 22.58, 21.94, 13.00, 9.47. MALDI-TOF MS (m/z): calculated for

C32H4oBr2N40682, 7086, found 709.1.

2.3.3.4. Synthesis of T222

In a 50 mL round bottom flask, 2H-pyrrol-2-one, 5-(5-bromo-2-thienyl)-3-[5-
(5-bromo-2-thienyl)-1-(2-ethylhexyl)-1,2-dihydro-2-oxo-3H-pyrrol-3-ylidene]-1-(2-
ethylhexyl)-1,3-dihydro-, (3E) (0.15 g, 0.21 mmol), 4-pyridinyl boronic acid (0.028 g,
0.23 mmol, 1.1 eqv) and 2',4'-dibutoxy-N-(2',4'-dibutoxy-[1,1'-biphenyl]-4-yl)-N-(4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-[1,1'-biphenyl]-4-amine (0.19 g,
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0.23 mmol, 1.1 eqv) were added along with triphenyl phosphine C,gH1sP (0.030 g, 0.11
mmol), potassium carbonate K,CO3 (0.50 g, 3.61 mmol) and palladium acetate
Pd(OACc), (0.045 g, 0.20 mmol). A mixture of 25 mL dioxane: THF: water (3:2:1) was
added and the solution was purged with argon and refluxed for 48 hours. The reaction
mixture was cooled, and the solvent was removed under reduced pressure. The
obtained solid was then extracted with dichloromethane washed with water and dried
with sodium sulfate. The resulting solid was purified by column chromatography with
dichloromethane as mobile phase. T222 was isolated as a pure blue solid (0.10 g, 37 %
yield). Mp: 85.3-88.2 °C. *H NMR (500 MHz, Acetone-ds) & 8.51 (d, J = 6.0 Hz, 2H),
7.74 (d, J = 4.0 Hz, 1H), 7.58 (d, J = 9.0 Hz, 5H), 7.42 (d, J = 9.0 Hz, 4H), 7.16 (d, J =
8.5 Hz, 3H), 7.06 — 7.02 (m, 9H), 6.52 (d, J = 2.5 Hz, 2H), 6.49 (dd, J; = 8.5, J, = 2.5
Hz, 2H), 3.92-3.89 (m, 10H), 3.80-3.76 (m, 4H), 1.65-1.59 (m, 12H), 1.41-1.31 (m,
12H), 0.87 (t, 8H), 0.79 (t, 8H), 0.73-0.69 (m, 14H). *C NMR (125 MHz, Acetone-ds)
0 170.49, 170.17, 159.94, 157.08, 145.13, 134.32, 130.68, 130.40, 126.77, 124.26,
123.94, 122.45, 105.80, 102.59, 100.21, 67.87, 67.42, 44.41, 44.27, 38.91, 23.45, 22.78,
22.75, 19.16, 19.06, 13.44, 13.40, 13.27, 9.92. MALDI-TOF MS (m/z): calculated for

C83H98N40682, 1311.8; found 1311.8.

2.4. Solar Cell Fabrication

The preparations of the DSSC photoanodes as well as the solar cell assembly
were done according to known literature procedures. The fluorine-doped tin oxide
(FTO) conductive glass substrates “TEC15” were cleaned with detergent solution,

followed by rinsing with distilled water and ethanol in an ultrasonic bath for 10 minutes.
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The clean FTOs were pretreated in a 40 mM TiCl, aqueous solution at 70 °C for 1 hour,
then rinsed with water and ethanol, and sintered at 500°C for 30 mins. Then, compact
titania layer (Ti-Nanoxide BL/SP, Solaronix, Switzerland) was first spin-coated on the
clean conductive glass substrate, followed by treatment with 40 mM TiCl, aqueous
solution at 70 °C for 30 min. A 4 um thick titania layer was then printed by the doctor
blading method from a diluted TiO, paste (60% TiO, Dyesol 30NR-D, 34% terpineol
and 6% ethyl cellulose) for the T-series dyes and/or with DB and a 6 um thick layer for
T221 with D35. The obtained TiO; films were gradually heated at 200 °C for 10 mins,
300 °C for 10 mins, 400 °C for 10 mins and 550 °C for 15 mins, and then were sintered
at 500 °C for 30 mins using a furnace. Next, a 4 um scattering layer of Dyesol WER2-
O TiO, paste was applied and the same procedure of sintering was applied. The
thickness of the films was measured with Profilometer. The films were then immersed
in a 40 mM TiCl, aqueous solution at 70 °C for 30 mins, rinsed with water an ethanol
and sintered at 500 °C for mins. The electrodes were further sintered at 500 °C for 30
mins, after reaching a temperature of almost 80 °C dye sensitization was performed
where the films were dipped in a dye bath solution of 0.2 mM for the three individual
dyes and/or with 0.03 mM Dyenamo blue (DB) in THF: t-butanol: acetonitrile (1:1:1)
and a solution of 0.2 mM D35 dye in THF: ethanol (1:4) for 24 hours. The counter
electrodes were fabricated by applying a 2-3 ul/cm? of 5 mM H,PtClg in 2-propanol to
the “Tec8” FTO glass, followed by heating in an oven at 400 °C for 20 minutes. Cell
assembly was performed by sealing the counter electrode to the TiO, electrode with a
25 um Surlyn (Dupont) spacer at ~ 100 °C for 3 mins. The cobalt electrolyte (the
electrolyte consisted of 0.25 M Co"(bpy)s.2PFg, 0.06 M Co""(bpy)s.3PFs, 0.1 M

LiClO4 and 0.6 M or 0.2 M t-butyl pyridine (TBP) in acetonitrile) was introduced
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through two small holes, previously drilled through the counter electrode, which were

then sealed with Surlyn®.

43



CHAPTER 3

RESULTS AND DISCUSSION

3.1. Dye Design
3.1.1. Synthetic Procedure of T220"%%

T220 was successfully designed and synthesized and its synthetic route is
shown in scheme 1. The dye was prepared in four steps where the first step consists of
the formation of the dienophile by the addition of the 2-ethylhexylamine chain to maleic
anhydride; this alkyl chain is believed to suppress the recombination reaction between
the oxidized electrolyte and the electrons in the TiO, conduction band as well as it
prevents dye aggregation. This is followed by the formation of the di-bromo substituted
tetrazine unit which acts as the diene. Afterwards, the tetrazine group reacts with the
dienophile through a [4+2] Diels-Alder cycloaddition yielding the [4+2] Diels-Alder
adduct which then undergoes an irreversible retro Diels-Alder step which is responsible
for the release of nitrogen to give the middle pyridazine dibromo acceptor group.
Finally a Suzuki coupling reaction was performed where the linking of the large
triphenylamine donor group and the pyridine anchoring group to the middle acceptor
unit was accomplished simultaneously in one-pot synthesis to give the desired orange
dye T220. The structure of the dye was confirmed by *H NMR, *C NMR and mass

spectrometry.
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Scheme 1: Synthetic scheme of T220 where a) dichloromethane, acetic anhydride,
sodium acetate; b) hydrazine, sulfur, ethanol, sodium nitrite, acetic acid; c) diphenyl
ether at 1500C; d) CsHgBNO,, Cs5oHgsBNO,, Pd(OAC)z, PPh3, K,COs,
dioxane:THF:H,O
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3.1.2. Synthetic Procedure of T221'*°

T221 was successfully designed and synthesized and its synthetic route is
shown in scheme 2. The first step consists of a condensation reaction of
diethylsuccinate with thiophene-2-carbonitrile in the presence of a strong base to give
the pyrroline ester which further reacts with another thiophene-2-carbonitrile group
where the subsequent ring closure affords the diketopyrrolopyrrole (DPP) moiety.
Subsequently, a double N-alkylation is accomplished using potassium carbonate as a
base to deprotonate the lactam units and thus attaching the 2-ethylbromohexane alkyl
chain on the amide positions, yielding the soluble dialkyl-DPP compound. Then, the
corresponding N, N-disubstituted DPP undergoes bromination with N-
bromosuccinimide (NBS) to give the dibromo compounds which will undergo a Suzuki
coupling reaction to attach the donor and pyridine anchoring group on the DPP core to
finally give the desired blue dye T221. The structure of the dye was confirmed by *H

NMR, **C NMR and mass spectrometry.
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Scheme 2: Synthetic scheme of T221 where a) tertiary amyl alcohol, potassium tert-
butoxide, diethyl succinate; b) K,CQO3, 2-ethyl-1-bromohexane, 18-crown ether, DMF;
¢) NBS, acetic acid and chloroform; d) CsHgBNO,, Cs;,HgsBNO,, Pd(OAC),, PPhs,
K,COj3, dioxane:THF:H,O

3.1.3. Synthetic Procedure of T2227118

T222 was successfully designed and synthesized and its synthetic route is
shown in scheme 3. T222 is a thiophene containing Pechmann-based dye. The basic
structure of the Pechmann dye consists of a butenolide dimer with two lactones joined
by an exo double bond in a trans manner, the structure of thiophene-based Pechmann

dye is shown in figure 14. The first step in its synthesis corresponds to a Friedel-Crafts
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acylation which is followed by the formation of the Pechmann chromophore and then
the addition of the 2-ethylhexylamine chain and finally Suzuki coupling reaction for the
addition of the donor and anchoring group to give our desired blue dye. The structure

of the dye was confirmed by *H NMR, **C NMR and mass spectrometry.

Figure 14: Structure of a thiophene containing Pechmann dye.
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Scheme 3: Synthetic scheme of T222 where a) AlCl3, dichloromethane; b) CuCl,
NH,4CI, acetic anhydride; ¢) 2-ethylhexylamine, dichloromethane; d) CsHgBNO,,
CsoHgsBNO,, Pd(OAC)z, PPh3, K>COs3, dioxane:THF:HzO
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3.2. Optical and Electrochemical Properties

The UV-Vis absorption spectra of T220, T221 in THF and T222 dyes in DMF
solution are shown in figure 15 (a, b, c).

As shown in figure 15, all dyes exhibit two major broad absorption peaks; a
band located at a shorter wavelength at around 300-380 nm and a band at a longer
wavelength at around 400-650 nm. The absorption maxima (Anax) Were observed at
434, 624, and 670 nm for T220, T221 and T222, respectively. The corresponding molar
extinction coefficient (¢) for T220, T221 and T222 are 4.0 x 10, 4.8 x 10%, and 1.7 x
10* Mt em™, respectively. T222 has a relatively lower extinction coefficient compared
to the other two dyes, which will certainly affect the light harvesting efficiency of the
device. As expected the two blue dyes T221 and T222 exhibited a light harvesting

ability above 600 nm allowing a photo response in the red region of the spectra.
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Figure 15: UV-vis absorption (solid) and emission (dotted) spectra of a) T220, b) T221
and ¢) T222 in THF (A= 434 and 624 nm for T220 and T221, respectively).

The fluorescence emission spectra of T220, and T221 in THF are also shown in
figures 15 (a, b), correspondingly. The fluorescent maximum (Aem) OCcUrs at 570 nm for

T220, 679 nm for T221. However, the emission of T222 was not detected.
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In order to investigate the possibility of energy level matching of the dye
sensitizers with respect to the TiO, semiconductor and the electrolyte, the
electrochemical properties of the three mentioned dyes were carried out using
differential pulse voltammetry (DPV) measurements in a typical three-electrode cell.
The measurements were performed in a dimethyl formamide solution containing 0.1 M
TBAPF (tetrabutylammonium hexafluorophosphate) as supporting electrolyte, an
Ag/Ag" reference electrode which is calibrated with ferrocene/ferrocenium (Fc/Fc*)
redox couple as an internal standard and a platinum counter electrode. The ground state
redox potentials Eox of T220, T221, and T222 were determined to be 1.07, 1.05 and 0.96

2+/3+ redox

V vs. NHE, respectively. These values are more positive than [Co(bpy)s]
potential (+0.56 V vs. NHE), thus providing sufficient driving force for dye
regeneration. The excited state redox potentials E o, of the dye sensitizers were
estimated from the equation Eqx — Eq.o, Where Eq.q corresponds to the optical energy gap
which is calculated from the intersection of the absorption and emission spectra. E o
for T220 and T221 were found to be -1.42, and -0.85 V vs. NHE, respectively, which
are more negative than the TiO, conduction band edge (-0.5 V vs. NHE) suggesting an
efficient and fast electron injection. In the case of T222, we estimated the Eqx — Eg. t0
be less than -0.6 V vs. NHE, which is barely above the CB of TiO,. The differential
pulse voltammograms of T220, T221, and T222 are shown in Figure 16 (a, b, ¢), and the
corresponding photophysical and electrochemical properties of the dyes are summarized

in table 1. The energy levels of the three dyes with respect to TiO, conduction band and

the redox couple are summarized in figure 17.
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Figure 17: Schematic representation of the energy levels of T220, T221 and T222.

Table 1. Optical and electrochemical properties of T220, T221, and T222 dyes

Dye  Abs.(ex 10°M7cm™)  em (Aex), "M Egx, V VS NHE  Eoy — Ego V vs NHE

T220 344 (5.3), 434 (4.0) 570 (434) 1.07 -1.42
T221 342 (4.3), 624 (4.8) 679 (624) 1.05 -0.85
T222 347 (2.5), 670 (1.7) N.D. 0.96 <-0.6

3.3. Computational Studies

In order to understand the electronic properties as well as the electronic
transitions of the three dyes, DFT and time dependent density functional (TD-DFT)
calculations were carried out using Gaussian 03. The electronic distributions of the
frontier molecular orbitals of the three dyes are shown in table 2, and the corresponding
energy levels are shown in figure 18. Usually, the HOMO electron density is mainly

distributed over the triphenylamine donor group and the LUMO is localized over the
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middle acceptor unit, the conjugated thiophene spacer, and the electron withdrawing
pyridine anchoring group in each dye. This, under illumination, would result in a strong
intramolecular charge transfer between the excited dyes and the TiO, conduction band.
From table 2, the HOMO orbital of T220 is basically concentrated on the donor group;
however its LUMO is solely located on the middle acceptor unit only isolated from the
pyridine anchoring group, whereas the LUMO+1 is located on the middle acceptor
group and shifted towards the pyridine anchoring group, suggesting that the injection
occurs from the LUMO+1 level. Except for T220, the LUMO are concentrated in all
dyes on the acceptor-n-pyridine moiety which is favorable for electron injection into the
valence band of TiO,. For T221, the HOMO is delocalized mostly over the donor-n
triphenylamine-thiophene moiety and extends to the middle acceptor-n. However, in
the case of T222 the HOMO extends all the way to the pyridine moiety and
concentrated over the middle acceptor. Such a shift in electron density in the case of
T222 might have a profound effect on the electron recombination from TiO; to the
oxidized T222 dye, and consequently this could be an additional reason, besides its low
LUMO level, for its bad performance in a DSSC. From figure 18, T222 dye exhibits a
reduced HOMO-LUMO energy gap (1.65 eV) shifting the absorption spectrum towards
longer wavelengths, which is consistent with the experimental UV-vis spectrum in
figure 15 ¢). On the other hand, T220 shows a more reduced band gap (1.87 eV)
compared to T221 (1.97 eV); these calculated results imply that T220 should exhibit a
more red shifted absorption spectrum when compared to T221, however experimentally
from the UV-vis spectra the opposite case was seen. The calculated electronic
transitions with oscillator strength f >0.02 of the three dyes in water are shown in Table

3 (a, b, c).
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Table 2. Frontier molecular orbitals of T220, T221, and T222
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Figure 18: Energy level diagram of T220, T221, and T222.

Table 3. Calculated spectra of T220, T221, and T222, respectively

a)
Dye Excitation Oscillator Assignment
energy, nm strength
T220 454.1 0.9364 HOMO—-LUMO (35%), HOMO-1-LUMO (22%),
HOMO-LUMO+1 (22%), HOMO-1-LUMO+1 (10%)
438.6 1.1820 HOMO—-LUMO+1 (34%), HOMO—-LUMO (18%),
HOMO-1-LUMO+1 (17%), HOMO-1-LUMO (15%)
402.9 0.0024 HOMO-10—-LUMO (79%), HOMO-9—LUMO (9%)
354.7 0.0604 HOMO-3-LUMO (29%), HOMO—-LUMO (29%),
HOMO-1-LUMO (22%), HOMO-6—-LUMO (6%),
HOMO-4—LUMO (5%)
349.7 0.2426 HOMO-1-LUMO+1 (31%), HOMO-3—-LUMO+1
(26%), HOMO—LUMO+2 (11%), HOMO—LUMO+1
(10%)
308.8 0.1532 HOMO-6—LUMO (22%), HOMO-1-LUMO (14%),
HOMO—-LUMO (13%), HOMO—-LUMO+4 (10%),
HOMO-4-LUMO (10%), HOMO-3—-LUMO (8%),
HOMO-17-LUMO (7%)
308.6 0.8268 HOMO—-LUMO+4(68%)
305.9 0.2482 HOMO—-LUMO+2 (29%), HOMO—-LUMO+1 (27%),
HOMO—-LUMO+3 (16%), HOMO-1-LUMO+2 (8%),
HOMO-1-LUMO+1 (7%)
300.0 0.1967 HOMO-6—-LUMO+1 (21%), HOMO-1-LUMO+2

(12%), HOMO—LUMO+3 (11%), HOMO-4-LUMO+1
(9%), HOMO-1-LUMO+1 (8%), HOMO-3-LUMO+1
(8%)
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b)

Dye Excitation Oscillator Assignment
energy, nm strength
T221 5754 1.7170 HOMO—-LUMO (74%), HOMO-1-LUMO (21%)
404.7 0.2867 HOMO-1-LUMO (54%), HOMO—-LUMO+1 (13%),
HOMO—-LUMO (10%), HOMO-3-LUMO (10%)
352.7 0.0244 HOMO—-LUMO+1 (37%), HOMO-9-LUMO (22%),
HOMO-1-LUMO+1 (18%), HOMO-1-LUMO (6%)
313.8 0.9077 HOMO-6—-LUMO (28%), HOMO-7-LUMO (21%),
HOMO—-LUMO+2 (17%), HOMO-1-LUMO+1 (6%)
308.3 0.9680 HOMO—-LUMO+3 (50%), HOMO-1-LUMO+3 (32%)
305.8 0.0748 HOMO-7-LUMO (30%), HOMO-3-LUMO (26%),
HOMO—-LUMO+2 (8%)
303.0 0.0479 HOMO-6-LUMO (23%), HOMO—-LUMO+2 (14%),

HOMO-3-LUMO (13%), HOMO-1-LUMO+1 (11%),
HOMO-1-LUMO (9%)

c)
Dye Excitation Oscillator Assignment
energy, nm  strength
T222 708.3 1.6737 HOMO—-LUMO (87%), HOMO-1-LUMO (10%)
449.3 0.0854 HOMO-1-LUMO (31%), HOMO-4—LUMO (29%),
HOMO-3-LUMO (20%), HOMO-8—=LUMO (6%)
413.1 0.3803 HOMO-1-LUMO (37%), HOMO-4—-LUMO (25%),
HOMO-8-LUMO (15%), HOMO—LUMO (5%)
336.4 1.1403 HOMO—-LUMO+2 (52%), HOMO-7-LUMO (12%),
HOMO-1-LUMO (10%), HOMO-1-LUMO+1 (6%)
318.1 0.0212 HOMO-8—-LUMO (35%), HOMO-3-LUMO (29%),
HOMO-7-LUMO (12%)
315.9 0.0588 HOMO-7-LUMO (39%), HOMO—-LUMO+2 (16%),
HOMO-3-LUMO (13%)
309.1 0.9147 HOMO-1-LUMO+3 (50%), HOMO—LUMO+3 (30%)

3.4. Photovoltaic Performance

3.4.1. Individual Dye Performance

In order to study the performance of the three dyes in DSSCs, 0.2 mM of each dye was
sensitized individually on a 4 pm thick active transparent TiO; layer and a 4 um
scattering layer. The performance of the three dyes in fully functional DSSCs was

evaluated by fabricating cobalt-based DSSC devices whereby the electrolyte system
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consisted of 0.6 M tert-butyl pyridine (TBP) additive for T220 and T221 and 0.2 M
TBP for T222. The I-V curves measured under standard AM 1.5 Global conditions are
shown in figure 19 A). The corresponding photovoltaic parameters are summarized in
Table 4. Among the three dyes, T220 showed the highest photovoltaic performance
with a short-circuit current of 6.1 mA.cm 2, an open circuit voltage of 773 mV, and an
overall efficiency PCE% of 3.3 %. The DSSC based on T222 as a sensitizer showed the
poorest performance with a Jsc = 0.3 mA.cm 2, a Voc =498 mV and a FF = 0.47,
corresponding to an overall conversion efficiency of 0.1 %. The low performance of
the device can be attributed to its low molar extinction coefficient, poor electron
injection due to its low LUMO level and high recombination processes in the DSSC as

can be inferred from the low V.

Action spectra of monochromatic incident to photon current efficiency (IPCE%) for the
three DSSCs are shown in figure 19 B). The onset wavelength of the IPCE spectrum
for the DSSC based on T220 was 610 nm with IPCE values of around 65%. With a
starting wavelength of 770 nm, a maximum of around 47% at 350 nm was observed for
the T221-based device as well as a shoulder is seen at around 690 nm. T222
demonstrated the lowest IPCE% among all of the three dyes as predicted from its I-V
performance. The low IPCE value of the DSSC based on T222 might be due to the
reduced LUMO level leading to a smaller energy gap between the LUMO the dye and
the conduction band edge of TiO,, which in turn decreases the charge injection kinetics

and therefore lower Jqc.
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Figure 19: A) I-V curve of the DSSCs based on the individual T220, T221 and T222

dyes under illumination and in darkness, B) incident photon-to-current conversion

efficiency spectra.
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Table 4. Photovoltaic performance of T220, T221, and T222 devices obtained from the
I-V curves

Dye Jsc (MA.cm™) Voc (MV) FF PCE (%)*
T220 6.1 773 0.68 3.3
T221 6.7 669 0.60 2.7
T222 0.3 498 0.47 0.1

@ Measured under 100 mW.cm? simulated AM1.5 spectrum with an active area 0.5 x 0.5 cm? and a black mask (0.6 x 0.6 cm?); the
electrolyte consisted of 0.25 M Co(ll), 0.06 M Co(lll), 0.1 M LiCIO4, 0.6 M TBP for T220 and T221 and 0.2 M TBP for T222

3.5. Dye Loading Measurements

Due to the fact that the pyridine-based T220 and T221 dyes exhibited the
highest photovoltaic performance, these two dyes were chosen to further study their
performance in DSSCs as co-sensitizing dyes.

In order to study the effect of co-adsorbing pyridine-anchor dyes with
carboxyl-anchor based dyes, the orange dye T220 was co-sensitized with a
commercially available blue cyanoacrylic-based dye DB (dyenamo blue), and the blue
dye T221 was co-sensitized with an orange cyanoacrylic-based sensitizer D35
(dyenamo orange). The selection of DB and D35 dyes was solely based on matching of
their absorption spectra with that of T220 and T221, respectively. The molecular

structures of DB and D35 dyes are shown in figure 20.
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Figure 20: Molecular structures of D35 and DB.

3.5.1. Co-adsorption with T220 and DB

To begin with, in order to check the total dyes' loading on the TiO, film, we
performed absorbance measurements on the adsorbed and co-adsorbed films in addition
to the corresponding desorbed solutions for both pairs of dyes. Three TiO; films with 4

um thickness were immersed in 0.2 mM solution of T220, 0.03 mM solution of DB, and
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a mixture of T220 and DB with the same concentrations in a THF: t-butanol:

acetonitrile (1:1:1) solution for 24 hours. The absorption spectra of the dyes attached to

the TiO, films are shown in figure 21.
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Figure 21: Absorption spectra of T220, BD, and T220-BD anchored on the TiO, film.

Moreover, desorption of the dye sensitizers from the loaded TiO, electrodes
was performed. The individual T220 and BD as well as the co-sensitized T220+BD
TiO, films were dipped in an alkaline KOH solution with a mixture of THF: ethanol:
water. In order to determine the dyes' loading amount of the sensitizers, the absorption
spectra of the desorbed solutions were measured, followed by the fitting of the co-
sensitized spectrum as shown in figure 22. The dye loading measurements are

summarized in table 5.
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Figure 22: Absorbance spectra of the desorbed films of the individual T220 and DB
and the co-sensitized T220-DB dyes.

Table 5. Dye loading measurements of the individual and co-sensitized TiO; films®

Dye bath concentrations NT220 (Moles) npg (Moles)  Total dye loading (moles)
T220 (0.2 mM) 4.16x10° - 4.16x10°
DB (0.03 mM) - 6.73x10°® 6.73x10°®
T220 (0.2 mM)+ DB (0.03mM)  3.68x10° 4.23x10°® 7.91x10°

24 um TiO, film thickness was used with an area of 2.56 cm?

From the curve fitting, the relative amounts of adsorbed T220 and BD in the
co-sensitized film compared to the individually sensitized films were found to be 88%
and 63%, respectively. The T220-BD co-sensitized film dye loading amounts (T220
4.16x10"® moles and DB 6.73x10°® moles) are less than the individual non co-sensitized
dyes (T220 3.68x10°® moles and DB 4.23x10°® moles), suggesting that co-adsorbing

these 2 dyes resulted in a decrease in the dye loading on the TiO, film. Ideally, these
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values should be around 100% for both dyes since the anchoring sites are of different
nature on TiO,, however, a very important factor is of relevance here; which is the

respective sizes of each dye and its footprint on TiO, which will be elaborated in section

3.6. 120-121

3.5.2. Co-adsorption with T221 and D35

In a second study, the blue dye T221 was co-sensitized with a commercially
available D35 dye. The three 6 um TiO; electrodes were immersed in 0.2 mM solution
T221, 0.2 mM solution D35, and T221 with D35 having the same concentration in a
solution THF: ethanol (1:4) for 24 hours. The corresponding UV-vis spectra of the

three adsorbed electrodes are shown in figure 23.
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Figure 23: Absorption spectra of T221, D35, and T221-D35 anchored on the TiO, film.

Dye desorption was then performed where the pure and the mixed TiO, films

were dipped in an alkaline KOH solution in a mixture of THF: ethanol: water. The
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absorbance spectra of the desorbed films of T221, D35 and T221 mixed with D35 are

shown in figure 24. The dye loading measurements are summarized in table 6.
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Figure 24: Absorbance spectra of the desorbed films of the individual T221 and D35
and the co-sensitized T221-D35 dyes.

Table 6. Dye loading measurements of the individual and co-sensitized TiO; films®

Dye bath concentrations Nt221 (Moles)  npss (moles)  Total dye loading (moles)
T221 (0.2 mM) 6.49x10° - 6.49x10°
D35 (0.2 mM) - 1.23x10” 1.23x10”
T221 (0.2 mM)+ D35 (0.2mM)  4.15x10°® 8.11x10® 1.22x107

26 um TiO, film thickness was used with an area of 2.56 cm?

The coefficients of the adsorbed T221 and D35 in the co-sensitized film, which
are obtained from the curve fitting, are 0.647 and 0.663, respectively. Both values are
less than 1. Again, this could be due to mismatch in the sizes of the two dyes when

adsorbed on TiO,.
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3.6. Density Functional Theory Calculations (DFT)

The dye loading amount of the co-sensitized T220-DB and T221-D35 dyes can
be associated with the dyes' respective sizes, therefore density functional theory
calculations were performed on the two dyes to further elucidate the relevance of the
lower dyes' loading on the TiO, film with their relative sizes. Figure 25 and 26 show
the sizes of T220-DB and T221-D35, respectively. In the case of T220 and DB, both
dyes have very similar calculated vertical distances. In T220 the distance between the N
atom of the triphenylamine donor moiety to the N atom of the pyridyl moiety is 19.75
A, and in the case of DB the distance between the triphenylamine N atom and the O
atom of the carboxylic acid moiety is 24.34 A. As can be seen in figure 25 the bulky
donor group of T220 can’t fit within the groove right below the DB’s triphenyl amine
donor group, and consequently co-adsorbing of these 2 dyes results in a decrease in the
theoretical total dye loading on the TiO; film. However, T221 and D35 have different
vertical sizes (figure 26). For D35 the calculated vertical distance between the N atom
of the donor group and the O atom of the carboxylic acid group is 12.93A compared to
T221 with a distance of 21.16A. ldeally, from the difference in their respective sizes,
T221 and D35 should perfectly fit together on the TiO, surface. However, this was not
the case as seen from the coefficient values obtained in table 6. The decrease in dye
coverage on the titania film for T221 and D35 might be due to the bulkiness of T221
and the presence of the bulky ethylhexyl chains on the two nitrogen atoms in the cyclic

amide rings (not shown in figure).
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Figure 25: The calculated vertical distances in DB and T220 dyes.
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Figure 26: The calculated vertical distances in T221 and D35 dyes.
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3.7. Photovoltaic performance

3.7.1. Co-adsorbed T220 and DB device

Liquid cobalt-based DSSCs were fabricated to test the photovoltaic
performance of the device upon co-sensitizing T220 with DB. The electrolyte system
consisted of 0.2 M TBP as an additive. The pure T220 and BD with 0.2 mM and 0.03
mM concentration, respectively, as well as the co-sensitized T220-DB with the same
concentrations were adsorbed on a 4 um thick active transparent TiO, film with a
scattering TiO, layer having the same thickness. The I-V curves of the devices as well
as incident photon-to-current conversion efficiency (IPCE) plots are shown in figure 27
(A and B). The corresponding photovoltaic parameters of the cells are summarized in
table 7.

The individually sensitized DB cell exhibits better photovoltaic performance
parameters compared to the individual T220 dye. The greater difference in the
photocurrents between the non co-sensitized BD 10.9 mA.cm™and T220 6.7 mA.cm? is
due to the fact that T220's absorption is limited to the visible region of the spectrum as
can be seen from the IPCE curve in figure 27 B). Upon co-sensitization, the T220-DB
based devices showed notable improvement in the open circuit voltage and the
photocurrent, as well as a remarkable increase in the power conversion efficiency for
the co-sensitized device. Regarding the photovoltage, the co-sensitized device showed
an increase in Voc by 49 mV when compared to DB alone which is also seen in the dark
currents where the co-sensitized cell exhibits a lower dark current with respect to the
individual devices. Furthermore, the increase in Jsc for the co-sensitized cell (11.1
mA.cm™) is probably due to the complementary absorption spectra between T220 and

DB. Also, this increase in photocurrent compared to the individual DB is reflected in
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the IPCE plots where T220-BD has a higher IPCE % compared to DB alone. The IPCE
of the DSSCs based on T220 and DB individually are present in the range 300-600 nm
and 300-800 nm, respectively. The IPCE spectrum of the co-sensitized DSSC, which
provides the complementary behavior of the individual dyes, is remarkably broad
covering the whole visible region, which is consistent with the absorption spectra of the

co-adsorbed dyes on the TiO; film shown in figure 21.
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Figure 27: A) 1-V curve of the DSSCs based on the individual T220, DB, and the co-
sensitized T220-DB under illumination and in darkness, B) incident photon-to-current
conversion efficiency spectra.
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Table 7. Photovoltaic performance of the T220, BD, and co-sensitized T220-DB based
devices obtained from the I-V curves

Dye Jsc (MA.cm™) Voc (MV) FF PCE (%)?
T220 6.7 597 0.51 2.04
BD 10.9 625 0.58 3.94
T220+BD 11.1 674 0.54 4.07

@ Measured under 100 mW.cm? simulated AM1.5 spectrum with an active area 0.5 x 0.5 cm? and a black mask (0.6 x 0.6 cm?); the
electrolyte consisted of 0.25 M Co(ll), 0.06 M Co(lll), 0.1 M LiClO4, and 0.2 M TBP

3.8. EIS of T220+DB-based Device

In an effort to understand the increase in Voc for the co-sensitized T220-DB
device, electrochemical impedance measurements (EIS) were carried out on the
individual T220 and DB as well as on the mixed devices at open-circuit voltage using
different light intensities. The fitting results of the impedance spectra are represented in
figures 28 (A and B) and 29. Figures 28 (A and B) and 29 reveal, respectively, the plots
of the charge transfer resistance between the electrons in the TiO, conduction band and
the oxidized electrolyte Rcr, the TiO/electrolyte chemical capacitance C,, and the
electron lifetime which is given by the equation t,= Rc1.C,.. For the three devices, the
Rcr and Cu values were extracted from the EIS experiments versus the applied voltage
(nEF — EF redox), Where Eg is the electron quasi-Fermi energy level in the TiO, film and
Er redox IS the electrolyte redox Fermi level.

In Figure 28A, the Rcr values of the T220-DB co-sensitized cell are way higher
than that of the DB device (~ 10 times higher). A higher Rcr value suggests a lower
electron recombination in the co-sensitized T220-DB cell, and this is probably due to

the blockage of the cobalt electrolyte from reaching the titania film. This effect is most
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probably due to the close arrangement of the two dyes in the T220-DB cell, where the
alkoxy arms on the donor groups would retard the approach of the Co(lll) ions in the
electrolyte to TiO,.

In Figure 28B, the co-sensitized T220-DB device shows a shift A(EF —
Er redox) OFf ~ 20 mV higher than the DB device at a certain Cu value. A shift in the (,E¢
— Er redox) toward higher or lower values is attributed to an upward or downward shift in
the nEr with respect to the electrolyte Er reqox, respectively, since the same electrolyte
composition is used in all DSSCs.*?*?®* The upward shift in the ,Er in the co-sensitized
cell could be one of the reasons behind the higher V. values of T220-DB than the
individual ones. However, this upward shift of Ef in the two co-sensitized cell is
counter intuitive, since the DB dye contains one carboxylic acid proton that would
usually result in a ~ 20 mV downward shift of the conduction band, and one would
expect a decrease in the V. values upon co-sensitizing T220 with DB. On the other
hand, Boschloo et al. have showed before that the dye loading has pronounced effect on

124 \where in their EIS experiments

the photo-voltage in the case of cobalt electrolyte,
they showed that a similar upward shift in the ,E¢ is seen with increasing dye loading
amounts.

Therefore, we speculate that the above mentioned A(,EF — Ef redox) Shift is
rather due to the differences in the total dyes’ coverage on TiO, between the individual
and co-sensitized cells. A lower dye coverage, such as in the case of the DB and T220
cells when compared to the co-sensitized T220-DB one, would result in lower electron
injection rates into TiO, and subsequently lead to a lower ,Er and hence lower V, at 1

sun.***?" Finally, the upward shift in the ,Er and the higher charge recombination

resistance in the T220-DB co-sensitized cell well explain the higher cell efficiency and
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the positive effect on the electron lifetime (z, evaluated from the EIS experiments) as

seen in Figure 29.
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Figure 28: A) Charge transfer resistance values obtained from EIS and B) chemical
capacitance values of T220, DB and the co-sensitized T220-DB cells.
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Figure 29: Electron lifetime values obtained from EIS for the T220, DB and the co-
sensitized T220-DB cells.

3. 9. Photovoltaic Performance
3.9.1. Co-adsorbed T220 and D35 device

In a second study, the performance of our synthesized T221 blue dye and the
commercially available cyanoacrylic-based D35 dye both having 0.2 mM
concentrations, as well as the co-sensitization of these two dyes with the same
concentrations were evaluated in fully assembled DSSCs using the same cobalt tris
bipyridine electrolyte system with 0.2 M TBP. A 6 um thick active transparent TiO»
layer was printed with a 4 um thick scattering TiO, layer. The current-voltage (I-V)
characteristics as well as the IPCE plots are illustrated in figure 30 (A and B). The
photovoltaic performances of these cells are listed in table 8.

From figure 30 B) the IPCE with D35 located in the range 300-750 nm is
higher than the IPCE with T221, which is consistent with the higher short-circuit
current value of D35 (Jsc = 8.8 mA.cm™). The I-V curves in figure 30 A) show that the

short-circuit photocurrent density as well as the power conversion efficiency of the co-
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sensitized T221-D35 based DSSC (6.2 mA.cm™, 2.67 %) is much lower than the device
based on only D35 (8.8 mA.cm™, 2.67 %), but is higher than the individual T221 based
cell (3.2 mA.cm™, 1.21 %). The lowering of the photovoltaic performance of the co-
sensitized DSSC compared to the individual DSSCs might be due to a decrease in the
electron injection efficiency during the transfer of electrons or the transfer of energy
between the two different dyes. On the other hand, there is a slight increase in the Voc

value (728 mV) of the mixed DSSC compared to T221 (710 mV) alone.

D35
8- A - .- T221
— D35+T221

- - ==

Current (A.cm'z)><1()'3
N
|

0 ______
-2 -
_4 —
I I I
0.2 00 02 04 06 08
Voltage (V)
50— B)

D35
-=-=T221
— T2214D35

IPCE %

I I I I I I I
300 400 500 600 700 800 900

Wavelength (nm)
Figure 30: A) I-V curve of the DSSCs based on the individual T221, D35, and the co-
sensitized T221-D35 under illumination and in darkness, B) incident photon-to-current
conversion efficiency spectra.
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Table 8. Photovoltaic performance of the T221, D35, and co-sensitized T221-D35
based devices obtained from the I-V curves

Dye Jsc (MA.cm™) Voc (MV) FF PCE (%)?
T221 3.2 710 0.53 1.20
D35 8.8 740 0.60 3.90
T221+D35 6.2 728 0.59 2.66

@ Measured under 100 mW.cm simulated AM1.5 spectrum with an active area 0.5 x 0.5 cm? and a black mask (0.6 x 0.6 cm?); the
electrolyte consisted of 0.25 M Co(ll), 0.06 M Co(lIl), 0.1 M LiCIO,4, and 0.2 M TBP

On another note, it is important to mention that the short-circuit current (3.2
mA.cm™) obtained for T221 using a 6 um thick TiO; layer (Table 8) was less than the
Jsc (6.7 mA.cm™) obtained when using a 4 pm thick layer from table 4. It is known that
a thicker TiO; layer increases the amount of dye coverage which in turn increases the
light harvesting efficiency; however, this was not the case with the T221 devices. We
speculate the decrease in photocurrent for the 6 um thick TiO; layer to be due to the
aggregation of T221 on the film as well as an increase in the recombination reaction as
we increased the film's thickness. From the Voc and Jsc values obtained for the co-
sensitized T221-D35 device (Table 8) we can conclude that D35 is not the ideal

sensitizer to co-sensitize with T221.
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CHAPTER 4
CONCLUSION

In conclusion, we were successful in synthesizing 3 novel pyridyl-based dyes,
T220, T221 and T222 with absorptions ranging from blue to the red part of the visible
spectrum. The photovoltaic performance of the individual dyes as sensitizers in fully
operating cobalt-based DSSCs was evaluated, where the device employing T222 as a
dye showed the poorest performance which was estimated to be due to its low LUMO
level. We were also successful in co-sensitizing the pyridine anchored T220 dye with
the carboxylic-based dye (Dyenamo Blue, DB). The dye loading measurements of the
co-sensitized T220-DB film clearly demonstrated that both dyes do not compete for the
same adsorption sites on TiO,. However, due to mismatching of their respective
geometrical sizes T220 did not possess a suitable size and shape to fit appropriately the
voids within the adsorbed DB dye molecules on the titania film. Nevertheless, the
photovoltaic performance of the co-sensitized T220-DB cell showed enhancements in
photo-current, photo-voltage and thus total efficiency when compared to the individual
T220 and DB cells. Furthermore, the electrochemical impedance spectroscopy (EIS)
measurements conducted on the devices were consistent with the increase in
photovoltage for the co-sensitized cell. On the other hand, co-sensitizing T221 with the
commercially available D35 proved to be ineffective. Power conversion efficiency for
the co-sensitized cell of 2.66 % was obtained which is higher than the individual T221
cell (1.20 %) but lower than the individual D35 device (3.90 %). The low cell
performance was due to the fact that T221 dye is prone to dye aggregation when a thick

TiO, layer is employed.
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SUPPORTING INFORMATION

NMRs AND MS
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Figure 31: 'H NMR of 1-(2-etr1ylhexyl)-lH-pyrroIe-Z, 5-dione in CDCl; (1).

th

77



W uy -

= -

h < —

\/ \/

| @ o .
M UL
T T T T T T T T T
7.9 7.8 77 76 7.5 7.4 7.3 7.2 ppm

L )

B £
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