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Abstract A significant portion of the scientific community is focused on developing new

approaches to fulfilling the energy demands of a growing population, whilst also minimis-

ing the damage to the environment. Chemistry has played a vital role in developing new

molecular systems to turn solar energy into electricity. Dye-sensitized solar cells (DSSC)

have gained significant attention by offering a versatile and tuneable molecular system

as a promising alternative to traditional silicon devices. Single junction devices usually

based around an n-type TiO2 photoanode can be improved by pairing with a p-type

photocathode to create a tandem device, which could potentially surpass the Shockley-

Queisser limit of solar energy conversion over a single p-n junction. Although most of

the research on DSSC focusses on TiO2 based systems, improving the performance of the

p-type photocathode is required in order to approach a tandem DSSC which outperforms

the TiO2 photoanode.

A series of BODIPY sensitizers with small structural modifications to the core of the

chromophore were prepared by various synthetic pathways to create a robust and reliable

system with different photophysical and electrochemical properties with which to inves-

tigate the underlying electron transfer pathways in p-type NiO DSSC. The properties of

these dyes were studied using steady state UV-Visible and Fluorescence spectroscopy and

coupled with cyclic voltammetry in order to create an energy level map of the system. Al-

though all three dyes appeared to have sufficient driving force for electron injection from

the VB on NiO into the HOMO of the dye, the three dyes showed modest performance

which appeared to be limited by the efficient regeneration of the dye by the redox elec-

trolyte. BOD2 showed the most promising results when used in a working p-type device

(JSC = 0.48 mA cm−2) however these results did not agree with the calculated driving

force for injection (∆Ginj therefore the dye|semiconductor interface was studied using

X-ray Photoelectron Spectroscopy (XPS) to create a new map of the energy levels inside

the p-DSSC. Inspection of the valence photoelectron spectra at varied X-ray excitation

energy allowed for probing of the energy levels in both the bulk semiconductor and at

the dye|semiconductor interface. The HOMO energies for all three dyes adsorbed onto

NiO were measured experimentally and these results confirm a shift in Fermi level for the
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NiO upon dye adsorption. These results predict that BOD2 had the highest Ginj and the

frontier orbitals of BOD2 were the most well placed to encourage efficient electron trans-

fer between the dye and semiconductor. Femtosecond Transient Absorption Spectroscopy

(fs-TAS) was utilized to study the kinetics of the electron transfer processes within the

p-type device. Interestingly, the lifetime of the reduced dye appears to be increased in the

presence of a redox electrolyte and we postulate this to result from catalytic activity of

surface trap states NiO catalysing the conversion of Iodide to triiodide and deactivating a

recombination pathway in the p-DSSC. This has implications on future design of dyes for

p-type DSSC and outlines new methods on estimating driving forces for electron transfer

within a p-DSSC.
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Chapter 1

Introduction

1.1 Solar Energy

Energy and energy consumption has played a pivotal role in the developed world and

improvement of modern society. Since the industrial revolution, most of this energy has

been generated by fossil fuels, a finite and non-renewable source of energy, which has been

shown to cause harmful effects to the earth’s atmosphere and subsequently, the lives of

people around the globe.

With the global energy consumption estimated to be approximately 18 Terrawatts per

year (TW/year), with estimates of growth to 27.6 TW/year by 2050, many are looking

for alternatives means to generate clean sources of energy to fulfill the needs of a growing

global population without causing irreparable damage to the planet.1 120 000 TW of

solar energy strikes the earth’s surface per year, making it a prime candidate to sate the

growing energy demands of a growing planet. Despite being the most abundant energy

source available, solar energy only provides less than 0.5% of the global energy demand.

(Fig. 1.1).2–4 At a pivotal time in the history of the developed world, in order to combat

the irreversible effects of climate change, science has looked for new technologies to harness

solar energy in order to power the future.
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Figure 1.1: Global energy consumption, broken down by source 2015

1.2 Metals, Semiconductors and Insulators

1.2.1 Bonding in Materials

When a pair of atoms are brought together to form a molecule, the two atomic orbitals

combine and then split to form a pair of molecular orbitals (bonding and anti-bonding)

situated at higher and lower energies than that of the original atomic orbital pair (Fig.

1.2).

When a large number of orbitals come together to form a solid, the atomic orbitals split

into multiple energy levels. These energy levels are situated so close together they form a

continuum (or band) of energy levels that an electron may pass through freely. (Fig. 1.3)

The distribution of these bands depend on many factors, including the specific electronic

properties of the atoms involved in bonding and the strength of the bonds between these

atoms. The highest occupied band in a material is termed the valence band (VB) and

the lowest unoccupied band is known as the conduction band (CB). If the VB is partially

full, or overlaps with the CB, we can describe the solid as a metal. The valence electrons
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Figure 1.2: σ-Bonding in a diatomic molecule

are easy to excite due to the empty sites available at similar energies to the VB, and these

electrons act as transporters of heat and charge through the material. This property

allows for metals to be used as thermal or electrical conductors.

If the VB is full and completely separated from the CB by an energy gap (here defined as a

region where no wavelike electron orbitals exist, meaning transitions of electrons from the

VB to the band gap are forbidden) then the material is defined as a semiconductor. As the

valence electrons are all involved in bonding and cannot be easily removed, they require

energy equivalent or greater than the band gap in order to be removed. Semiconductors

are classified as materials with a band gap in the range 0.5 - 3 eV. Semiconductors exhibit

low conductivity in the dark, as a small number of valence electrons will have enough

kinetic energy to be excited across the band gap into the conduction band, this intrinsic

conductivity will decrease with increasing band gap energies.5,6

In metals the Fermi level EF lies inside at least one band, for insulators and semiconductors

the EF lies inside a band gap. In semiconductors the EF lies close enough to the band

edge to be thermally populated by electrons or holes.
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Figure 1.3: Schematic representation of atomic bonding in a diatomic molecule, (n = 2) to a metal (n =

∞)

Insulators are materials with wider band gaps than those found in semiconductors. Insu-

lators have negligible conductivity at room temperature in the dark.

1.2.2 The Fermi Level

When a semiconductor is in thermal equilibrium, the electron distribution in the system

can be defined by a Fermi-Dirac distribution function and the Fermi level is defined as

the level where the probability of finding an electron is 1/2.7

For a distribution function f(k,r), where f is the probability that at point r the electron

state of wavevector k is occupied, we can describe an electron in a semiconductor with

Equation 1.1.

f(k, r) = f0(E(k), EF , T ) (1.1)
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Figure 1.4: Band filling at equilibrium for various materials, EF (Fermi Level) denoted by dashed line.

Where f0(E, EF , T) is the Fermi Dirac distribution function, giving the probability of an

electron state of energy E will be occupied, at temperature T. (Equation 1.2)

f0(E,EF , T ) =
1

e(E−EF )/kBT+1
(1.2)

Under thermal equilibrium, f is dependant on wavevector only implicitly through the

electron energy, and is independent of position. When the thermal equilibrium is disturbed

(ie. under illumination) the population of states in the valence and conduction bands

change due to injection of electrons and holes in the system. In this case, the Fermi level

splits into two quasi-Fermi levels (or imref), one for electrons and one for holes.8 (Figure

1.5)
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Figure 1.5: Energy level diagram of the Fermi energy of a semiconductor in the dark (EF ,dark
) and

quasi-Fermi level under illumination for an n-type (qEF ,n) and p-type (qEF ,p) semiconductor.

1.2.3 p-type and n-type semiconductors

Extrinsic semiconductors are materials doped with trace amounts of material during man-

ufacture to introduce different electrical properties to the doped semiconductor than the

pure semiconductor material.9 The doping agents used can vary from semiconductor to

semiconductor, however they can be classified into two types (electron donating or electron

accepting), resulting in two types of extrinsic semiconductor.10,11 Doping the semiconduc-

tor lattice with an electron donor results in an n-type semiconductor, with the majority

charge carriers in the system being negatively charged electrons. Doping the semiconduc-

tor with an electron acceptor leads to the electron acceptor receiving an electron from the

semiconductor lattice, resulting in a hole (a vacancy where an electron should be). The

majority charge carriers are now positive resulting in a p-type semiconductor.

When placing two doped semiconductor crystals of p-type and n-type in contact, there is

no resulting effect. The two conductive crystals both have the number of protons balanced

with the number of electrons and therefore possess no net charge. A single crystal doped

to create a p-type region at one side of the crystal, and an n-type region on the other side

displays interesting properties. The p-type material has majority positive charge carriers

(holes) whereas the n-type material has majority negative charge carriers (electrons), both

free to move around the lattice. Near the junction, n-type material electrons diffuse across

the junction, combining with the holes in the p-type material. This region of the p-type
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Figure 1.6: Schematic representation of a p-n junction (top), Energy level diagram of a pn-junction at

equilibrium (bottom).
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material takes on a net negative charge, due to the electrons attracted across the junction.

As electrons also left the n-type region, that portion of the material close to the junction

takes on a localized positive charge. The thin layer between these regions which has been

depleted of majority carriers is known as the depletion region and effectively acts as an

insulator between the conductive p- and n-doped regions. Figure 1.6 shows a schematic

representation of a pn junction (top) and an energy level diagram describing the charge

carriers in the semiconductors (bottom).

1.3 Photovoltaic Technologies

1.3.1 1st Generation

Currently the renewable energy market is dominated by single junction monocrystaline

silicon devices (c-Si), a 1st generation photovoltaic technology.12–14 These devices are

comprised of multiple silicon wafers of high purity with thicknesses of 0.2 - 0.5 mm.15

These wafers are doped with either phosphorous or boron to create n-type or p-type silicon

respectively. The interface between the two domains form a p-n junction. At this junction,

photons are absorbed and separated into an electron-hole pair. The electric field generated

at the p-n junction aids in this charge separation and the two charges are collected at back

contacts integrated into the device to complete the circuit and generate a photocurrent

through the device. As the light harvesting and charge extraction processes occur in

the same material, defects found in the bulk material drastically reduce the efficiency

of the device.16 High-purity materials are required, which incurs costly manufacturing

procedures to make the pristine silicon wafers. As c-Si is an indirect band gap material,

large amounts of material is required in order to absorb sufficient photons to produce

efficient photovoltaic devices.17 Despite these large manufacturing costs, these devices are

generally robust and efficiencies are high (20% - 26.6%).13
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1.3.2 2nd Generation

2nd Generation devices are typically defined as thin film technologies. These include

amorphous silicon (a-Si), Cadmium Telluride (CdTe) and Copper Indium Gallium Se-

lenide (CIGS).12,18–20 These devices operate under the same working principles as a c-Si

photovoltaic device, however, as these materials have direct band gaps, a smaller amount

of material is required to generate high photocurrents. In turn, these devices are often

cheaper to produce, and have limited degrees of flexibility enabling new engineering so-

lutions like the popularized solar roof tiles from Tesla.21 The use of rare earth elements,

namely indium and tellurium, mean concerns have been raised about the viability of

scaling up these types of devices.22

Figure 1.7: Band gaps of common thin film photovoltaic semiconductors against AM 1.5 solar spectrum

1st and 2nd generation devices both show encouraging efficiencies, however the theoretical

maximum efficiencies for both technologies are defined by the Shockley-Queisser (SQ)

limit.23 For a single p-n junction, the maximum theoretical efficiency is approximately

34% under an AM 1.5 solar spectrum with a semiconductor of optimal band gap (1.34
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eV).24 A key limitation is the energy loss occurring when photons of greater energy then

the semiconductor band gap are absorbed and require thermal relaxation to the band

edge.25 Inversely, the photons with lower energy than the semiconductor band gap do not

create an electron-hole pair to generate a photocurrent.

1.3.3 3rd Generation

3rd generation devices are emerging technologies which aim to surpass the SQ limit. As

previously stated the maximum efficiency for a single junction device at AM 1.5 is 34%.

Multijunction devices can split the collection of high and low energy photons, reducing the

thermal relaxation energy losses found in 1st and 2nd generation devices, and increasing

the amount of usable photons which enter the device. This increases the maximum solar

conversion of a single junction device from 34% (as stated by the SQ limit), to 45% for a

two junction device, up to a maximum theoretical efficiency of 65% for an infinite number

of p-n junctions.26–28

3rd generation devices based on nanotechnologies have experienced a surge in interest due

to their relatively high efficiency and low processing costs. Lower processing costs and

alternative materials enable cheaper manufacturing and bulk processing, which enables

the cost of these PV technologies to be significantly lower than their c-Si counterparts.

The device architectures also enable a wide and versatile range of molecules to be utilized

in the device opening up a huge area of research interest.12,29

Three key 3rd generation technologies that have made significant improvements over a

short period of time are dye sensitized solar cells (DSSC), quantum dot solar cells (QDSC)

and perovskite solar cells. Although all three types of device have their problems, promis-

ing efficiencies of 14.3%,30 13.4%31 and 23.7% have been achieved respectively, demon-

strating the potential of 3rd generation devices to become future market leaders in the

renewable energy sector.32,33
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1.4 Dye-Sensitized Solar Cells

1.4.1 Working Principles

Dye sensitized solar cells are fabricated from a thin film of mesoporous semiconductor,

acting as a support for dye molecules which bind to the surface and absorb photons. The

difference in device architecture from a standard pn-junction separates the absorption

of photons and extraction of charges into two separate materials allowing for the use of

lower purity materials during manufacture, decreasing the cost of manufacture and sales

dramatically.8 Low cost processing methods, such as screen or ink-jet printing, have been

developed in order to take these low purity materials forward to large scale production.34,35

These methods are also favourable for roll-to-roll fabrication techniques, allowing for large

scale devices to be assembled using flexible substrates.36 Being semi-transparent allows

for aesthetic integration into architectural designs for integrated photovoltaics.37 A key

benefit of the DSSC over c-Si devices is the relatively high efficiency of DSSC under low

or diffuse light conditions (ie. indoors or overcast days). Technologies with up to 28.9%

efficiency under these low light conditions have been achieved, opening up possibilities for

powering small electronic devices within the home.38

1.4.2 n-type DSSC

The working principles of a classic n-type DSSC is outlined in Figure 1.8. Briefly, a

thin layer of mesoporous metal oxide (typically n-type TiO2) is deposited on a transpar-

ent conductive electrode supported on a suitable substrate (glass, plastic, fabric). The

semiconductor is sensitized with a metallo-organic or organic chromophore to form the

complete photoanode. The counter electrode is formed of a transparent conductive elec-

trode on a suitable substrate, typically platinum deposited on fluorine doped tin oxide

(FTO). Sandwiched between the two electrodes is a redox electrolyte which fills the pores

of the mesoporous semiconductor photoanode, forming an electrical contact between the

two electrodes. Figure 1.8 outlines the forward (productive) electron transfer pathway in
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Figure 1.8: Representation of the relative energy levels and forward electron transfer processes in a TiO2

DSSC. (1.3) dye excitation; (1.4) charge injection; (1.8) dye regeneration

an n-type TiO2 DSSC leading to charge extraction to an external circuit. The electron

transfer mechanism through a n-type DSSC has been researched extensively and has been

shown to occur via a multi-step electron transfer pathway initiated by photoexcitation

(Equation 1.3) of a dye molecule to an electronic excited state (D∗).39

D + hv −→ D∗ (1.3)

Following this photoexcitation, an electron is transferred from the now occupied LUMO of

the excited dye molecule into the conduction band of the TiO2 (Equation 1.4), assuming

the energy levels are properly aligned sufficient Gibbs free energy is present for electron

injection. (∆Ginj). Upon injection of an electron, the excited dye is converted to the

oxidized dye (D+) and with the semiconductor forms a transient charge separated state

(CSS).

D∗|TiO2 −→ D+|TiO−
2 (1.4)

The electron diffuses through the semiconductor via a diffusion gradient to the back

contact where it is collected and transferred to the external circuit. The dye is regenerated

to the ground state by a redox electrolyte in order to repeat the process again (Equation
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1.8). The iodide/triiodide redox couple has been extensively studied and used in DSSC,

although much interest has been directed towards researching new electrolytes to facilitate

the dye regeneration in DSSC.40,41 The dye regeneration process in a n-type DSSC is

believed to follow the mechanism outlined below.42,43

I2 + I− −→ I−3 (1.5)

I−3 + 2e− −→ 3I− (1.6)

D+ + I− −→ D − I (1.7)

D − I + I− −→ D + I .2
− (1.8)

2I .2
− −→ I−3 + I− (1.9)

Iodine and iodide ions in the electrolyte solution bind to form triidodide (Equation 1.5)

with the equilibrium of this process limiting the quantities of free iodine present in the

system.44 Triiodide diffuses through the solution to the counter electrode and is reduced

by electrons found in the platinised surface. The iodide can then regenerate the oxidised

dye and forms the radical species I.2−. Disproportionation of two of these transient radical

species reforms iodide and triiodide. Hence the DSSC can be considered as a conserva-

tive photoelectrochemical cell, an electric current is generated by a cascade of electron

transfer processes however, the chemical composition of the device remains unchanged.

The aforementioned processes are favourable and contribute towards generation of a pho-

tocurrent between the two electrodes. In competition with these forward processes are

negative recombination pathways within the cell leading to loss of efficiency. The main

recombination pathways in n-type DSSC are outlined in Figure 1.9.

Relaxation of the dye from the electronic excited state back to the ground state (Equation

1.10) can occur via radiative or non-radiative decay pathways. For a device to work effi-

ciently, the excited state lifetime (τexc) should be greater than the charge transfer lifetime

(τtr) in order for the electrons to have sufficient time to diffuse through the electrode and

be collected at the back contact. This step is in competition with recombination at the

electrolyte/semiconductor interface.
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Figure 1.9: Representation of the forward electron transfer proceeses (black) and recombination processes

(red) in a TiO2 DSSC. (1.10) dye relaxation; (1.11) dye+ |TiO−
2 recombination; (1.12) electrolyte+ |TiO2

recombination.

D∗ −→ D (1.10)

Following the injection of charge to the conduction band of TiO2, the charge pair can

recombine to reduce the dye back to the ground state and terminate the electron transfer

process within the DSSC (Equation 1.11). For this reason the charge separated state

lifetime (τcss) should be longer than τtr.

D+|TiO−
2 −→ D|TiO2 (1.11)

Finally, the electron held inside the TiO2 can recombine with species in the electrolyte to

terminate the electron transfer (Equation 1.12). Recombination of this type is referred to

in this work as dark current. Reduction of the dark current enhances the VOC of a solar

cell. Dark current mainly occurs at the TiO2|electrolyte interface where no photosensitizer

has been absorbed. The use of co-adsorbents such as di-tert butyl bipyridine (TBP) has

been shown to reduce the dark current in a solar cell.45

I2 + TiO2
2
− −→ 2I− + TiO2 (1.12)
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Figure 1.10: Representation of the relative energy levels and forward electron transfer processes in a NiO

DSSC. (1.3) dye excitation; (1.13) charge injection; (1.14) dye regeneration.

1.4.3 p-type

P-type DSSC devices are comprised of a dye sensitized photocathode commonly contain-

ing p-type mesoporpous nickel oxide (NiO) as the p-type semiconductor. The multiple

electron transfer processes are initiated, once again, by a photoexcitation of the dye,

followed by electron injection from the valence band of the NiO into the HOMO of the

excited dye molecule, producing a charge separated state (CSS) consisting of a reduced

dye molecule and a hole in the VB of the semiconductor. (Equation 1.13)

D∗|NiO −→ D−|NiO+ (1.13)

The hole diffuses to the back contact to be extracted to the external circuit. Dye regener-

ation by the iodide/triiodide redox electrolyte occurs from the triiodide species in solution

(Equation 1.14).

D− + I−3 −→ D + I .2
− + I− (1.14)

The triiodide is then regenerated via an electron transfer reaction at the counter electrode.

As with n-type DSSC there are several recombination processes, leading to the termination
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Figure 1.11: Representation of the forward electron transfer processes (black) and recombination processes

(red) in a NiO DSSC. (1.10) dye relaxation; (1.15) dye− |NiO+ recombination; (1.16) electrolyte− |NiO+

recombination.

of the electron transfer processes in the device, that are in competition with the forward

processes.

Dye relaxation occurs when τexc is smaller than τtr. The holes in the D−|NiO+ charge

separated state can recombine with the reduced dye leading to a loss of the electron-hole

pair (Equation 1.15). The holes in the valence band of NiO can also recombine with

reduced species in the electrolyte (Equation 1.16).

D−|NiO+ −→ D|NiO (1.15)

2[NiO+] + 3I− −→ NiO + I−3 (1.16)

1.4.4 Tandem pn-devices

Pairing an n-type photoanode and a p-type photocathode creates a tandem DSSC. The

maximum VOC across the two junctions are additive (the VOC of the p-DSSC and the

n-DSSC are added together) increasing the theoretical maximum voltage in the tandem

device to the sum of both junctions. By pairing complimentary dyes on the photolectrodes,

it is possible to harness a larger portion of the solar spectrum. Reduction of the spectral

overlap of the dyes enables harvesting of the high energy photons on the n-type photoanode
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and lower energy photons on the p-type photocathode. Upon illumination of the device,

both dyes are excited into an electronic excited state. At the photoanode the dye injects

an electron into the conduction band of the n-type semiconductor. The electron can

then move around the external circuit to regenerate the reduced dye attached to the p-

type semiconductor. The redox electrolyte facilitates charge transport between the two

electrodes.

The open circuit voltage (VOC) of a DSSC is dictated by the relative energy levels found

within the device. The VOC of the device is calculated as the difference between the

potential of the quasi-fermi level, close to the band edge of the semiconductor and the

redox potential (Eredox) of the electrolyte at the counter electrode. The VOC for n- and

p-type devices are given by Equations 1.17 and 1.18 respectively.

VOC(n) = Eredox − qEF ,n (1.17)

VOC(p) = qEF ,p − Eredox (1.18)

qEF ,n for TiO2 is approximately -0.50 V vs. NHE and qEF ,p for NiO is approximately

0.54 V vs. NHE.46,47

Eredox of the iodide/triiodide electrolyte is calculated from the Nernst equation:

Eredox = E0
r edox +

RT

2F
ln

[I−3 ]

[I−]3
(1.19)

Where E0
redox is the formal redox potential of the electrolyte, R is the ideal gas constant,

T is the temperature and F is the Faraday constant. Eredox is 0.35 V vs. NHE for the

iodide/triiodide in CH3CN.42,48

Given the position of the quasi Fermi levels of TiO2 (-0.50 V vs. NHE) and NiO (0.54

V vs. NHE), using equations 1.17 and 1.18, the maximum VOC for a TiO2 or NiO based

DSSC are 0.85 V and 0.19 V respectively.
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For a tandem pn-DSSC, the maximum VOC available is calculated from the difference

between the quasi fermi levels of both the n-type and p-type semiconductors.

VOC(pn) = qEF ,p − qEF ,n (1.20)

Therefore the maximum VOC for a pn-tandem device can be described as the additive

VOC of the two separate cells, leading to a maximum VOC in a TiO2|NiO DSSC of

approximately 1.04 V.

1.4.5 Organic Dyes

Currently, the highest certified efficiency n-type DSSC reached 14.3%. This device utilized

two metal-free organic dyes (ADEKA-1 and LEG4, Figure 1.12) co-sensitized onto the

surface of a TiO2 electrode. Coupled with a cobalt (III/II) phenanthroline electrolyte and

a graphitic nanoparticle (GNP) based counter electrode, the device showed impressive

performance parameters, with Incident Photon-to-electron Conversion Efficiency (IPCE)

values of 91% and VOC above 1 V.30

Early p-type dyes

The first published working p-type DSSC was reported by Lindquist and co-workers and

utilized a NiO electrode paired with an Erythrosin B sensitizer (Figure 1.13, left).49

As a proof of concept, the dye produced a low efficiency (JSC = 0.23 mA cm−2; VOC

= 83 mV; η= 0.0076%). Following this Coumarin-343 (C343) (Figure 1.13, right)

was used as another small molecule sensitizer and once again, functioned as a proof of

concept, however device efficiencies were low.50 Upon inspection of the kinetic pathways of

electron transfer within the device, it was shown that the main recombination pathway in

a C343|NiO DSSC was the back electron transfer between the reduced dye and the hole

in the NiO semiconductor valence band, leading to a low charge-separated state lifetime

(20 ps).50

This work demonstrates the fundamental need for a long lived charge separated state
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Figure 1.12: Molecular Structures of LEG-4, ADEKA-1 and cobalt (III) phenanthroline

lifetime, and that slowing down the recombination is key to improving device performance

going forward.

Push-pull dyes

PMI-NDI (Figure 1.14) was designed specifically to extend the CSS lifetime and adopted

a "push-pull" structure. By separating the position of the electrons during the excited

state of the dye to be localized on the electron acceptor, positioned on the periphery of

the dye, the maximum separation of charges from the semiconductor surface was obtained

and slower recombination rates were achieved. Le Pleux showed that the PMI-NDI dyad

system achieved an external quantum efficiency three times greater than the PMI donor
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Figure 1.13: Molecular structures of Erythrosin B and Coumarin-343

alone.51

The improvement in efficiency was attributed to the long lived charge separated state

formed when the NDI acceptor was present. Other NDI and C60 acceptors were also

screened in the system and each showed both an improvement in performance and an

increase in the CSS lifetime when compared to the PMI donor alone. A common structural

motif found in dyes for p-type DSSC are based on a triphenylamine donor with an anchor

group and one or more electron acceptors. P1 (Figure 1.15) combines a triphenylamine

donor with two malonitrile acceptor units, linked by a thiophene bridge system and a

carboxylic acid group to anchor the dye to the NiO. The initial reports published for

P1|NiO based devices produced JSC of 1.52 mA cm−2, VOC of 110 mV and IPCE of 18%,

giving an overall efficiency of 0.05%.52 Later these devices were optimised to give an IPCE

of 68% and a PCE of 0.15%. Triphenylamine based dyes have recieved much interest in

literature due to its strong electron donating character, ease of functionalization with a

wide variety of groups and non-planar shape, which can prevent -stacking or aggregation.

Most dye designs aim to modify the acceptor, linker or sometimes the anchor group, and

to date, hundreds of arylamine based dyes have been reported in literature.53,54

Dyes with two acceptor units tend to produce higher JSC values in p-DSSC. CAD3 (Fig-

ure 1.16) was based on the P1 structure, however replaced the two malonitrile acceptor

groups with cationic indolium acceptors, achieving an impressive JSC of 8.21 mA cm−2.55

The increased performance when compared to related dyes with only one acceptor (CAD1
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Figure 1.14: Molecular structures of the PMI dye series by Le Pleux.51
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Figure 1.15: Molecular structure of P1 dye

and CAD2) was due to the stronger absorbance of the double-acceptor dye (CAD3; ε

= 95 000 mol−1dm3cm−2).56

Studies have also been conducted into the effects donor-acceptor separation within the

push-pull dye system. Yang and co-workers modified the length of the thiophene chain of

P1 from 4 to 6 thiophene units, concluding that that the best performing dye in this series

was T3 featuring 4 thiophene units (Figure 1.17, top). (T3; JSC = 5.31 mA cm−2, VOC =

119 mV, η = 0.208 %).57,58 Extending the conjugation length of the oligothiophene chains

resulted in slower charge recombination at the metal oxide/electrolyte interface, yet the

conductace of the oligothiophene chain decreased with additional units (T4 (41.76 Ω) <

T3 (45.13 Ω) ≈ T5 (45.46 Ω) < T6 (48.74 Ω)) indicating that the increase in thiophene

chain length slowed down the hole transporting ability of the dye.

Furthering this work, Yang and co-workers replaced the malonitrile groups of P1 with

1,3-diethyl-2-thiobarbituric acid (T4H) (Figure 1.17, bottom). The change in electron

acceptor induced a broadening of the absorbance spectrum extending into the NIR, in-

creasing the light harvesting ability of T4H in comparison to T3. As a result, T4H

generated a higher JSC then T3 when incorporated into a p-type DSSC. (T3; JSC = 5.31

mA cm−2, T4H; JSC = 6.74 mA cm−2).59
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Figure 1.16: Molecular structures of CAD1-3
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Figure 1.17: Molecular structures of T3 and T4H, two triphenylamine-based, bis-acceptor dyes published

by Yang.

26



Figure 1.18: Molecular structures of QT1 and O2

Bis-anchored dyes have also been investigated for use in p-type DSSC. Zhou and co-

workers incorporated a doubly anchored triphenylamine type system with a single thieno-

quinodyl acceptor (QT1) (Figure 1.18, left) into a NiO DSSC. Despite the mono-acceptor

design and small separation of the donor and acceptor units of the dye, it displayed an

impressive photocurrent density (QT1; JSC = 8.2 mA cm−2).60 There is little discussion

on why the performance of this dye is so high, however it is mainly attributed to a high

extinction coeffificent and small size, allowing for a high dye loading on the surface of the

electrode. (QT1; ε = 54 000 mol−1dm3cm−2).

Ji and coworkers reported another triphenylamine based double anchor dye, O2 (Fig-

ure 1.18, right), which bears strong resemblance to QT1, notably a bis-carboxylic acid

triphenylamine donor, however the thienoquinodyl bridge found in QT1 is replaced with

a more conventional thiophene in O2. O2 performed worse in a working p-DSSC (O2;

JSC = 1.74 mA cm−2, QT1; JSC = 8.2 mA cm−2). demonstrating how minor structural

changes to a chromophore can cause drastic effects on the efficiency of the system.61

The zzx-op dye series (Figure 1.19) demonstrates a key factor when designing dyes

for p-type DSSC. A series of triphenylamine-NDI donor-acceptor systems with two car-

boxylic acid anchor groups were synthesized. The linker groups were modified to fluorene

(zzx-op1), fluorene-3,4-ethylene dioxythiophene (EDOT, zzx-op2) and fluorene-EDOT-

thiophene (zzx-op3).62 As expected the extended conjugation length from the π-system

caused broadening of the absorbance spectrum. The increase in spectral coverage was
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Figure 1.19: Molecular structures of the zzx-op dye series published by He, utilizing a double anchor

and fluorene linker design.

expected to increase photocurrents produced by the devices, however, when implemented

into working devices the JSC values decreased with conjugation length (JSC : zzx-op1;

4.36 mA cm−2, zzx-op2; 4.00 mA cm−2, zzx-op3; 3.80 mA cm−2). The VOC and fill

factors of these devices remained consistent throughout the series.

The drop in JSC upon increasing the conjugation length was rationalized by the lowering

of the HOMO of the dye with increasing conjugation, causing the driving force for charge

injection to decrease. The injection quantum yield for zzx-op1, zzx-op2 and zzx-op3

were calculated as 90%, 54% and 39% respectively. He and co-workers postulated that

a driving force for charge injection should be ca. 0.80 eV to enable high charge trans-

fer quantum yields between the dye and semiconductor. Further publications from He

expanded the zzx-op series (Figure 1.20), incorporating 1-3 fluorenes into the π-bridge

(zzx-op1, zzx-op1-2 and zzx-op1-3). As the conjugation length increased, the driving

force for charge injection was unaffected. However, the increase in spatial separation of

the donor-acceptor caused a reduction in the charge recombination between the reduced

dye and the hole on NiO.
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Figure 1.20: Molecular structures of the zzx-op dye series published by He, utilizing a double anchor

and fluorene linker design.

zzx-op1-2 displayed the highest JSC in a working p-DSSC (zzx-op1-2; JSC = 7.57

mA cm−2). He and co-workers suggested that this dye performed better than the other

two dyes in the series due to a trade off between spatial separation of the donor and

acceptor, and flexibility of the fluorene chain. The increased spatial separation reduced

the charge recombination between the dye and NiO. The shorter and more flexible chains

were described as forming a more compact layer over the semiconductor which protected

the NiO surface from recombination with the I−/I−3 electrolyte. He et. al describe zzx-

op1-2 as a midpoint of these two factors in the dye series and therefore showed the best

performance in a p-DSSC.

Although TPA-based dyes have dominated the field of p-type DSSC, recent publications

have shown the promise of non-TPA sensitizers. Odobel and coworkers reported a series

of diketopyrollopyrrole (DPP) dyes both with and without TPA donors (Figure 1.21).

The most effiicent dye in the series, Th-DPP-NDI, produced an impressive photocurrent

density (Th-DPP-NDI; JSC = 8.2 mA cm−2), over two times that of the TPA-based
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Figure 1.21: Molecular structures of the diketopyrollopyrrole (DPP) dye series designed by Odobel.
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senzitizer (TPA-DPP-NDI; JSC = 4.04 mA cm−2). In this system, the NDI acceptor is

essential for high efficiencies. Both Th-DPP and TPA-DPP produced small photocurrent

densities (Th-DPP; 0.26 mA cm−2, TPA-DPP; 0.70 mA cm−2). Previous iterations

of these DPP-NDI dyes with mixed phenyl/thiophene bridges (DPP-NDI) produced

only modest photocurrents (DPP-NDI; 1.79 mA cm−2), again highlighting how minor

structural changes in a sensitizer can yield dramatic improvements in device parameters.

Th-DPP-NDI was also successfully incorporated into a tandem pn-DSSC. A TiO2|D35

photoanode was paired with a Th-DPP-NDI photocathode and the tandem device pro-

duced a higher PCE than the two electrodes individually. This not only marks a sig-

nificant step in the field of tandem DSSC, but will also encourage research on non-TPA

based sensitizers for p-DSSC.

Cell JSC (mAcm−1) VOC (mV) FF η(%)

TiO2 |D35 7.41 764 69 3.91

NiO|Th-DPP-NDI 7.85 150 30 0.35

Tandem 6.73 910 66 4.10

Table 1.1: Solar Cell performance parameters for the D35 n-type DSSC, Th-DPP-NDI p-type DSSC and

D35/Th-DPP-NDI tandem DSSC produced by Odobel.

To date, the highest performing p-DSSC was published by Bäurle and co-workers and

was constructed from a bis-anchored TPA donor, an oligothiophene spacer and a PMI

acceptor. It was shown in the original publication that PMI-6T-TPA (Figure 1.22),

containing 6 thiophenes, was the optimal oligothiophene chain length. Using an I−/I−3

redox electrolyte affords a PCE of 0.60%. Extensive research around this dye has led to

efficiencies of 1.20% with a cobalt (III/II) redox couple and 2.51% with an iron (III/II)

couple (Table 1.2).

The first tandem device was fabricated by Lindquist et. al and utilized a TiO2 pho-

toanode with the metallo-organic ruthenium dye N3, and a NiO photocathode with an

Erythrosine B sensitizer.27 The results showed that the open circuit voltage (VOC) of

the tandem device was close to the sum of the individual VOC of the separated n- and
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Figure 1.22: Molecular structure of PMI-6T-TPA published by Bäurle and co-workers.

I−3 /I
− [Co(en)3]3+/2+ [Fe(acac)3]0/1−

VOC (mV) 243 724 645

JSC (mA cm−2) 6.26 4.11 7.65

FF (%) 39 40 51

η (%) 0.60 1.20 2.51

Table 1.2: Solar cell performance parameters for the PMI-6T-TPA p-DSSC recorded with three redox

electrolytes.

p-type DSSC. However, the efficiency of the tandem device was poor (0.39%) which was

mainly attributed to the poor photocurrents of the photocathode (JSC = 0.27 mA cm−2).

More recently, tandem devices have been fabricated which outperform the individual p-

or n-type DSSC individually. Odobel reported a p DSSC with diketopyrollopyrrole sen-

sitizers (Th-DPP-NDI) with an encouraging performance (JSC = 7.38 mA cm−2, VOC

= 0.147 V, FF = 0.32; η = 0.35%).63

When paired with a TiO2|D35 photoanode (Figure 1.23), the resulting pn-tandem device

outperformed the individual p- and n-DSSC in isolation (JSC = 6.73 mA cm−2, VOC = 0.91

V, η = 4.1 %) Although these results are promising, the highest recorded tandem efficiency

has not yet reached the 14.3% efficiency of an n-type device. It appears the limiting factor

is still the current at the photocathode, and without increasing the photocurrent at the

photocathode to match that of the highest performing n-type devices, improvements to

pn-tandem DSSC will be limited.

32



Figure 1.23: Molecular structures of Th-DPP-NDI and D35 used to make a high performance tandem

DSSC by Odobel.63
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1.5 p-type dyes

The main losses to the photocurrent in a p-DSSC are produced at the dye|semiconductor

interface. Developing new sensitizers is a vital step needed to improve p-type DSSC.

Improving the photocurrents generated in a p-DSSC opens possibilities to match the

photocurrents generated between the photoelectrodes and solve a key limitation in tandem

pn-DSSC devices.

When designing new dyes for p-type devices, a few criteria must be met:

• In order for a photocathode to operate efficiently in a tandem device, the two pho-

tosensitizers used must absorb at complimentary wavelengths.64 As such, if the pho-

tosensitizer used for the TiO2 photoanode absorbs at higher energies, it is favoured

for the photocathode to absorb at lower energies, or vice versa. By minimising the

spectral overlap between the two photosensitizers, the maximum number of available

photons can be utilized over a larger portion of the solar spectrum.

• As the film thickness of the NiO electrode is small (c.a 1.5 µm), the dye requires

a high absorption coefficient to maximise light harvesting with restricted surface

area.65

• The dye must contain an anchor group to facilitate strong adsorption onto the

semiconductor surface and to enable efficient charge transfer between the dye and

semiconductor. Most commonly, the carboxylic acid moiety has been used.51,63,66,67

However, a variety of other functionalities have been used including, phosphonates,68

pyridyls69 and alkoxysilane groups.70,71

• The energy levels of the frontier orbitals of the dye must be positioned for efficient

charge transfer to occur. This requires both the HOMO of the dye to be positioned

at a more positive potential than the valence band of the semiconductor for a p-

type device, and the LUMO to be more negative than the redox potential of the

electrolyte.72,73
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Part II

Small-Molecule BODIPYs for p-type

DSC

41





Chapter 2

Design and Synthesis of Red-Shifted

BODIPY Dyes for p-type DSC

2.1 Aims

Building on previous work on BODIPY based sensitizers for p-type DSSC, two new dyes

(BOD2 and BOD3) were synthesised to complete a new small molecule BODIPY series

alongside previously published dye BOD1 which showed promising results when incorpo-

rated in a p-DSSC. By introducing small structural changes to the chromophore, wider

implications of these changes can be studied using steady-state spectroscopy and differ-

ences in performance in a p-DSSC can be evaluated.

2.2 Introduction

BODIPY DSSC

4,4’-difluoro-4-bora-3a,4a-diaza-s-indacene dyes - referred to in this thesis as BODIPY

(Figure 2.1) sensitizers are a class of organic heterocycles characterised by the boron

chelated centre and pyrrolic units. These dyes have received wide attention in many areas

of research and are used routinely in a range of applications.12 The popularity of this

class of dyes stems from their interesting photophysical properties (high absorption coeffi-
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Figure 2.1: Structure of the BODIPY core (top) with IUPAC (left) and standard numbering systems

(right), with two common synthetic precursors (dipyrromethane (middle) and dipyrromethene (bottom)).

These numbering systems will be used throughout this thesis.

cients and fluoresence quantum yields) coupled with the ease of synthetic availability and

versatility of synthetic methodologies available to fine tune the absorption and emission

profiles.

The method for the synthesis of of the BODIPY core has not varied much from the ini-

tial publication by Triebs and co-workers.3 Typically the BODIPY core is synthesized

via condensation of two pyrroles with an aldehyde, acid choride or anhydride, mediated

by the addition of catalytic amounts of acid, to form the dipyrromethene frame of the

chromophore (Figure 2.2).4 Reactions with an acid chloride or anhydride proceed directly

to the dipyrromethene, whereas condensations around an aldehyde produce an interme-

diate dipyrromethane, requiring oxidation (usually by DDQ or p-chloranil) to form the

dipyrromethene core. Complexation of the dipyrromethene with BF3.Et2O in the presence

of a base (typically a tertiary amine) yields the symmetric F-BODIPY.5 The work demon-

strated in this thesis uses synthetic procedures based on the condensation of aldehydes

and pyrroles however it is important to highlight the huge variety of methods available in

the synthetic library of BODIPY.
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Figure 2.2: The main synthetic strategies towards BODIPY dyes. i) acid anhydride, ii) acid chloride iii)

aldehyde

BODIPY Synthesis from aldehydes and pyrroles

One of the most popular methods of BODIPY synthesis via an aldehyde and pyrrole was

developed from work on the synthesis of meso-porphyrins by Lindsey (Figure 2.3).6 Briefly,

an aldehyde can be subjected to acid catalysed condensation with two equivalents of α-

substituted pyrrole to form the corresponding dipyrromethane in good yields.Subsequently,

the dipyrromethane can be oxidised (with p-chloranil or DDQ) before chelation around

the boron centre (typically with BF3.OEt2 boron trifluoride diethyletherate) mediated by

an amine base (Et3N, iPr2NEt) to form the symmetrical BODIPY dye. This method

was designed around the use of α-substituted pyrroles, preventing higher orders of con-

densation and the formation of higher oligomeric structures, such as porphyrins.7 The

formation α-unsubstituted BODIPYs via the same method from an aldehyde and unsub-

stituted pyrrole results in extremely poor yields of the dipyrromethane. Lindsey offers an

adapted "solventless" synthesis, whereby the reaction is carried out in a large excess of

pyrrole and uses the pyrrole as a reaction medium for the condensation to occur. This high
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Figure 2.3: Formation of α-substituted BODIPY by Lindsey

dilution method ensures the formation of the higher oligomers during the reaction is min-

imised, before the symmetrical F-BODIPY is formed via complexation around the boron

centre.6 Dehaen further modified this reaction towards α-unsubstituted BODIPYs us-

ing near stoichiometric quantities of pyrrole and aldehyde and using water as the reaction

medium.8 This "greener" synthetic pathway has distinct benefits over the Lindsey method

as over condensation is reduced due to selective precipitation of the dipyrromethane in the

aqueous reaction medium, and smaller equivalents of pyrrole are required, with generally

extremely high yields. One drawback of this method is the restricted range of aldehydes

compatible with this reaction, limited to aryl-aldehydes. BODIPYs are stable to a wide

range of chemical environments and are suitably reactive to undergo functionalization of

the BODIPY core via a wide variety of substitution reactions. Introduction of synthetic

handles onto the core opens up even more possible reactions to further derivatise the

chromophore. Many articles have covered this subject, with more publications every year

adding to the library of possible modifications to the BODIPY core.19

Synthesis of BODIPY dyes from pyrrole and aldehyde requires a free α-position on the

heterocycle to undergo the acid catalysed condensation to the dipyrromethane interme-

diate. Blocking the other positions of the pyrrole ring generally increases the yields for

the corresponding dipyrromethane. This can be attrituted to the inability of these sub-

stituted pyrroles to undergo side reactions and polymerizations during the reaction. The
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substitutions also have a dramatic effect on the photophysical and electrochemical prop-

erties of the BODIPY chromophore. Inspecting the reactions of unsubstituted pyrrole,

2,4-dimethyl pyrrole and 2,4-dimethyl-3-ethyl pyrrole into the corresponding BODIPY, it

has been shown that increasing the number of aliphatic groups around the core induces

a bathochronic shift in both absorbance and emission.10 The fully substituted BODIPY

also shows fully reversible Nernstian one-electron oxidation and reduction, with stable

intermediate radical ions.1011 An absence of substitution at positions 2,3,5 or 6 causes

instability of the radical ions produced upon oxidation or reduction. Absence of substitu-

tion at position 8 (meso-) causes the radical anion produced upon reduction to be more

reactive then its meso-substituted counterpart.12 Both of these processes lead to rapid,

irreversible redox processes at the BODIPY core.

BODIPY in DSSC

BODIPY dyes have been incorporated infrequently into n-type DSSC with moderate

success, reaching PCE’s of over 6%.13 The first BODIPY photosensitizers reported for an

n-type system were produced by Fukuzumi and co-workers, (Fig. 2.4, top) producing a

PCE of 0.16 and 0.13 % respectively.14

More recently, Kubo and coworkers published a "butterfly" shaped BODIPY sensitizer se-

ries with PCE values up to 6.05%, noting that, in this work impressive performances came

without an arylamine or carbazole based donor. The high JSC values were attributed to

the high light harvesting capabilities of these systems.15 Research into BODIPY sensitiz-

ers for p-type systems is more limited, despite the versitile synthetic routes and tuneable

absorption profile of this class of dyes are ideal for integration into tandem devices (ie. to

optically match the photoanode).

Lefebvre and co-workers replaced the cyanovineline acceptor groups of P1 with BODIPY

groups. The change in structure yielded an increase in absorption coefficient (P1; ε - 58

000 dm3mol−1cm−1, P1-BOD; ε = 112 000 dm3mol−1cm−1). There modifications also

yielded a longer lived charge separated state when immobilized onto NiO (P1-BOD|NiO;

τ = 180 ns) in comparison to P1|NiO (τ = 200 ps). The performance of the p-type devices
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Figure 2.4: Structures of the two dyes published by Fukuzumi first incorporated into an n-type photoanode

(top); Structure of the highest performance "butterfly" BODIPY by Kubo (bottom)
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fabricated from P1-BOD were lower than that of P1 (P1-BOD; JSC = 3.15 mA cm−1,

IPCE = 28%; P1; JSC = 5.48 mA cm−1, IPCE = 64%). Theoretical and experimental

evidence suggested that the poor performance was due to poor electronic coupling between

the BODIPY acceptors and the thiophene linkers caused by the aliphatic substituents in

the 1,7 positions restricting rotation around the thiophene.

Summers later went on to synthesize a series of BODIPY sensitizers with two BODIPY

acceptors with unsubstituted β-pyrrolic positions. The lack of substitution in the 1,7 posi-

tions allowed for unhindered rotation around the meso-substituent. GS1 showed increased

photocurrent density when compared to P1-BOD (GS1; JSC = 5.87 mA cm−1, P1-BOD;

JSC = 3.15 mA cm−1) which was accredited to improved electronic communication with

the NiO. Upon further inspection of the device parameters and structures, the simple dye

BOD1 performed similarly to more complicated TPA based donor-acceptor dyes (BOD1;

JSC = 1.48 mA cm−1, 4; JSC = 1.60 mA cm−1, 6; 1.58 mA cm−1).

Previous studies on BOD1

The BODIPY class of chromophores remains relatively unexplored in the field of p-DSSC.

Previous studies have shown that even simple BODIPY dyes can achieve modest efficien-

cies. Summers highlighted the importance of good electronic communication between

the dye and the semiconductor surface in order for high charge transfer efficiency and

communication through the photocathode.

BOD1 performed well despite the simplicity of the dye (BOD1; JSC = 1.48 mA cm−1,

4; JSC = 1.60 mA cm−1, 6; 1.58 mA cm−1), however inspection of the dye structure

and properties shows that the structure is far from ideal for use as a sensitizer for p-type

photocathodes,

Computational studies on BOD1 and other BODIPY dyes from this series investigated

the dihedral angle between the BODIPY core and the aryl anchor group. Dihedral angles

of 90o give rise to a perpendicular configuration across the C2 axis between the BODIPY

core and the anchor group, meaning there would be limited orbital overlap and the core

49



Figure 2.5: Structures of the P1 and P1-BODIPY studied by Lefebvre (top) and BODIPY dyes studied

by Summers (bottom)
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Figure 2.6: Structural features of BOD1

of the chromophore would be electronically decoupled from the semiconductor surface.

A dihedral angle of 0o places the phenyl ring of the anchor group co-planar with the

BODIPY core giving the maximum electronic coupling between the chromophore and the

semiconductor.

BOD1 was shown to have a dihedral angle of 90o and was decoupled from the semicon-

ductor. The methyl substituents at the 1,7 positions, although small, prevent rotation

around the C2 axis. It was shown that removing the alkyl substituents or reducing the

size of the aryl ring helps the BODIPY adopt a more planar conformation and increases

the electronic communication through the dye.

Although BOD1 possessed favourable electrochemical properties, the absorbance profile

(λmax = 528 nm (CH2Cl2)) is not positioned to minimise spectral overlap in a tandem

DSSC.

Synthetic Targets

The BODIPY core is robust to a wide range of reaction conditions and as such there is

a wide variety of possible modifications available to the core. The introduction of halides

onto the BODIPY core is a well established route to further derivitization. Regioselective

halogenation can be carried out on either the 2,6- or the 3,5- positions, widening the

scope of possible reactions to modify the core to include various substitutions and palla-

dium catalyzed coupling reactions.16–18 Hence, introduction of aromatic groups, directly
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coupled to the core can be achieved, increasing the π-conjugation of the system and gen-

erally resulting in a bathochromic shift in absoption. Two novel dye architectures have

been synthesised for testing in a working p-type device to investigate how small structural

changes to a simple chromophore affects the photochysical and electrochemical properties

of the dye and investigating how these properties effect the output parameters of the

working device. BOD2 (Figure 2.7) is based on the best performing dye in the series pro-

duced by Summers (GS1). The dihedral angle between the BODIPY core and the anchor

group was significantly improved, leading to improved electronic communication with the

semiconductor. Significant broadening of absorbance and emission profiles were observed

when compared to the usual sharp electronic transitions found commonly in BODIPY

dyes. This broadening is favourable for use in a DSSC to maximise light harvesting over

a larger portion of the solar spectrum. However the bathochomic shift in absorbance by

extension of the π-system was not as significant as expected, and the chromophore did

not absorb in the red/NIR region of the solar spectrum. Ideally a sensitizer for p-type

DSSC absorbs at a complimentary wavelength to that of the n-type photoanode in an

ideal pn-tandem DSSC. In 1999, Burgess reported the first example of a tetradentate

N,N,O,O BODIPY, where the BODIPY F atoms are displaced by intramolecular nucle-

ophillic substitution from oxygen in the phenol groups, resulting in a chiral septacyclic

BODIPY (BOD3, Figure 2.7) with a significant bathochromic shift in absorbance and

emission.19 Addition of the benzoic acid group in the meso position allows for the dye to

bind to the NiO semiconductor for use in a DSSC. This method has been adapted and

modified to produce a wide range of red abosrbing/NIR BODIPYs.20–23

By investigating the two dyes BOD2 and BOD3 (Figure 2.7), the structural modifications

to two simple dye structures can be investigated and compared to existing values in the

literature of a previously prepared BODIPY sensitizer (BOD1).

α-substituted BODIPYs

When designing dyes for p-type DSSC, stabilization of the chromophore during synthesis

should be considered. Stabilization of the dye upon reduction is required to align with

52



Figure 2.7: Synthetic Targets BOD1-3

the working principles of the device. Substitution at the α-position of the pyrrole has a

two-fold benefit in this system. Modifying the pyrrole in this way blocks the formation of

oligopyrroles, porphyrins and other higher condensed products during the acid catalysed

condensation to form the dipyrromethane.6 The radical ions formed upon charge transfer

from the NiO semiconductor into the HOMO of the dye during photoinduced electron

transfer are also stablilized by α-substitution of the BODIPY core. These radical cations

when formed on an unsubstitited BODIPY core can lead to dimerization or substitution

reactions upon reduction or oxidation as radical ions of unsubstituted BODIPY are known

to be highly reactive.12

Many synthetic routes to α-BODIPYs have been published, mainly categorized into two

synthetic strategies. Modification of a pyrrole before subjecting the mono-substituted

pyrrole to condensation with aldehyde, or synthesis of the BODIPY core followed by

modification post-complexation with BF2.

Palladium cross-coupling remains one of the most useful tools in order to introduce C-C

bonds in organic molecules. BODIPY dyes are no exception to this and many examples

of these couplings on BODIPY can be found in literature including Suzuki–Miyaura24–26 ,

Migita–Kosugi–Stille23,24,27,28 , Mizoroki–Heck23,24 and Sonogashira.23,24,29,30 More recently

Negishi couplings have also been reported in the 3,5 positions, expanding the library of
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α-BODIPY further.31

Position Reaction Reagents References

Suzuki–Miyaura Pd(PPh3)4 / ClC6H4B(OH)2 24–26

Migita–Kosugi–Stille Pd(PPh3)4 / Sn(Ph)4 23,27,28

Mizoroki–Heck PdII / PPh3 / C6H5C2H3
23,24

Sonogashira Pd(OAc)2 / PPh3 / CuI / C6H5CCH 23,24,29,30

Negishi PhZnBr / Pd(PPh3)2Cl2 31

Table 2.1: Palladium catalyzed cross coupling reactions on 3,5 BODIPY, table adapted from Clarke et.

al.9

The introduction of halides to the BODIPY core has been documented in many articles.

Jiao reported an elegant study on the regioselectivity of the electrophillic aromatic sub-

stitution of the BODIPY core when subjected to varied equivalents of bromine (Figure

2.8).17

Briefly, stepwise regioselective bromination occurs preferentially on the 2,6 positions as

they bear the least positive charge. Following this, increasing the equivalents of Br2

yielded the tetrabromoBODIPY with substitution occurring at the α-positions (the tri-

bromoBODIPY was seen on TLC but not isolated from the reaction mixture). A large

excess of Br2 (300 eq.) was required to form the hexabromoBODIPY.

Preferential substitution on the 3,5-positions can be achieved by electrophillic aromatic
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Figure 2.8: Jiao bromination BODIPY diagram

Figure 2.9: Overview of the Hantzch pyrrole synthesis

substitution reactions with N-halogen succinimide reagents (NCS, NBS, NIS) with the

dipyrromethane precursor to the BODIPY as reported by Dehaen. Acting similarly to the

pyrrole precursor, dipyrromethanes readily undergo electrophillic aromatic substitution

reactions (SEAr) at the two α-positions and can be oxidised and coordinated around BF2

to form the corresponding α,α-BODIPY.32 A similar method has also been adapted for

α,α-bromoBODIPYs.33,34 Functionalized pyrroles are a deeply rich and diverse class of

compounds, used for a wide variety of purposes. Commonly, multicomponent reactions

(MCR) have been applied to form the desired heterocycles.

First noted in 1890, the Hantzsch pyrrole synthesis (Figure 2.9) began by reaction of
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"an equimolecular mixture of chloroacetone and aceto-acetic ester under reflux in concen-

trated aqueous ammonia" to afford the pyrrole derivative. Although recent developments

have seen a wide range of pyrrole derivatives produced by MCRs, the complexity of this

approach was not suitable for formation of mono-substituted pyrroles. Mono-substitution

of pyrrole can be undertaken in various ways, the complexity of the synthesis and method

being determined by the complexity of the pyrrole required.

2.3 Synthesis

The synthesis of BOD2 is based on synthesis of α-BODIPY based donor-acceptor dye

GS1, which provides a facile synthetic route to α-BODIPY’s with few reaction steps.35

Briefly, this method is based on the direct arylation of a N-heteroarene developed by Yu

et. al. (Fig 2.12), whereby a diaryliodinium salt is heated with pyrrole (using pyrrole

as the solvent) to form the substituted arylpyrrole 2-3.36 Mechanistic studies carried

out propose this arylation as a phenyl radical substitution pathway by decomposition of

the diaryliodinium salt. The mono-substituted pyrrole can then be used as the pyrrollic

starting material for condensation with an aryl aldehyde to form the dipyrromethane core

of BOD2. Upon oxidation with DDQ or p-chloranil, deprotonation with iPr2NEt and

complexation with BF3.OEt2 to introduce the boron core, the final BODIPY dye can be

.

Figure 2.10: C2 Arylation of pyrrole with diaryliodinium salt

The diaryliodinium salt was prepared in a one-pot reaction as outlined by Olofsson et.

al.37 (Fig. 2.13) Iodobenzene 2-1 was coupled to benzene via the oxidation of 2-1 with

3-chloroperbenzoic acid into a reactive iodine (III) species, followed by ligand exchange
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with benzene. This reaction is mediated by trifluoromethanesulfonic acid and forms the

di-phenyl iodinium triflate salt 2-2 in high yields.

2-2 was further reacted with pyrrole under basic conditions, forming the α-subsituted

pyrrole 2-3.

Figure 2.11: Reagents and conditions: (i) (a) mCPBA, benzene, CH2Cl2; (b) CF3SO3H (52 %); (ii)

NaOH, pyrrole (65 %)

The arylpyrrole 2-3 was then condensed around an aromatic aldehyde (4-carboxy ben-

zaldehyde) to form the intermediate dipyrromethane. This step also introduced a ben-

zoic acid anchoring group to be used as the linker between the chromophore and the

p-type semiconductor. The dipyrromethane was oxidised with p-chloranil to form the

dipyrrin, before deprotonation of the remaining pyrrolic N-H proton by diisopropylethy-

lamine (iPrNEt2) and insertion of the boron core using borontrifluoride diethyletherate

(BF3.OEt2) to introduce the BF2 motif into the BODIPY BOD2. The final three steps

from arylpyrrole to BODIPY were carried out as a one-pot reaction, a common strat-

egy for BODIPY synthesis due to the instability of many of the intermediates formed in

the reaction. BOD2 was formed in moderate yields, although the unsubstituted beta-

positions on the BODIPY core can be prone to side reactions during the synthesis, thus

lowering the yield. The introduction of the carboxylic acid moiety and subsequent drop

in solubility in common organic solvents can also be speculated as a cause for the reduced

yields over the three steps.
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Figure 2.12: Reagents and conditions: (iii) 4-carboxybenzaldehyde, CH2Cl2, C2HF3O2; (iv) p-chloranil;

(v) iPr2NEt, BF3.Et2O (16 %)

The synthesis of BOD3 was initially attempted based on synthetic work by Burgess8,19

and the modifications by Alnoman.34 A general reaction scheme is outlined in Fig. 2.13.

Figure 2.13: Overview of two synthetic routes to NP-01-05a

Methyl-4-formyl benzoate 2-4 underwent condensation around two unsubsitituted pyrrole

molecules via an acid catalysed condensation with [0.18M] hydrochloric acid in aqueous
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Figure 2.15: Reagents and conditions: (ii) NBS, THF, -78 oC, 1h; (iii) DDQ, -78 oC to rt, 30 min (51 %)

media. The resulting dipyrromethane 2-5 precipitated from the reaction upon formation,

acting as a thermodynamic sink in the reaction, resulting in a high yield, high purity

and facile synthetic route to this dipyrromethane by eliminating the possibility of higher

oligopyrromethanes or porphyrins from forming in the reaction.

Figure 2.14: Reagents and conditions: (i) pyrrole, HCl(aq) [0.18]M, rt, 4h, (84 %)

The dihalogenated dipyrromethane 2-6 was formed by regioleslective bromination with

N-bromo succinimide at -78 oC. The decrease in temperature was to disfavour multiple

subsequent bromination reactions at the other pyrrolic positions that are succeptible to

nucleophillic aromatic substitution. Even with the decreased temperature the reaction

remained time sensitive and the yields of the reaction varied between reactions.

This halogenated dipyrromethane can be purified, however it is generally unstable to the

acidic conditions found in silica based column chromatography, and so the next two steps

were carried out in a one pot method. The first oxidation was performed with DDQ to
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Figure 2.16: Reagents and conditions: (iv) iPr2NEt, BF3.OEt2, CH2Cl2, 1h (77 %)

Figure 2.17: Reagents and conditions: (v) 2-methoxyphenyl boronic acid, Pd(PPh3)4 (5 mol %), K3PO4,

toluene, 1,4-dioxane, 90 oC, 1 h 30 min (77 %); (vi) BBr3, CH2Cl2, 0 oC, quantative

form the Br−2-dipyrromethene 2-6 followed by deprotonation of the remaining pyrrolic

N-H proton with iPr2NEt. Once deprotonated the dipyrromethene anion was chelated

around the boron centre with BF3.OEt2 to form the Br2-BODIPY 2-7

Following the original procedure outlined by Burgess,19 the 3,5 dihalogenated BODIPY

was subjected to Suzuki coupling with 2-methoxyphenylboronic acid (2-9Me.

Tetrakis(triphenylphosphine)palladium(0) was used as the catalyst at 5 mol% catalyst

loading. K3PO4 was used to form the boronate complex in situ. The aryl ether BODIPY

2-8 was formed as a deep purple solid. Treatment with BBr3 caused demethylation of the

aryl ether substituents to the phenol groups, followed by an intramolecular cyclization.

Displacement of the fluorines by the phenolic -OH groups on the α-positions on BODIPY

formed the septacyclic BOD3-Me.

The Suzuki reaction was performed again substituting 2-hydroxyphenylboronic acid in
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Figure 2.18: Structures of the two structural isomers isolated from the Suzuki coupling reaction, BOD3-

Me and the "confused" cBOD3-Me

place of 2-methoxyphenyl boronic acid as the substrate to undergo coupling to the α-

positions of the BODIPY core. This method has the benefit of removing the requirement

for demethylation of 2-8 and instead forming BOD3-Me directly from the coupling reac-

tion. BODIPY 2-7 was subjected to Suzuki coupling under the same conditions, bar the

boronic acid used. This method leads to the formation of two structural isomers. Clarke

et. al. has previously isolated and characterised the "confused" N,N,O,C-septacyclic

BODIPY cBOD3-Me.38 They postulate that these molecules may be formed via nucle-

ophillic aromatic substitution of the halide by the phenol group, followed by the Suzuki

coupling on the unreacted halide on the second α-position. The first nucleophillic substi-

tution reaction appears to be in competition with the palladium coupling reaction and as

such the reaction produces a mixture of the two isomers BOD3-Me and cBOD3-Me.

Hydrolysis of the methyl ester in the meso- position of BOD3-Me under basic conditions

(NaOH in methanol) were repeatedly unsuccessful, therefore other synthetic routes to the

final BODIPY chromophore were examined. BOD3 can also be formed via functionaliza-

tion of a pyrrole followed by formation of the BODIPY core, to introduce and α-phenol

groups before the condensation reaction to form the dipyrromethane.

Following literature procedures, pyrrole was regioselectively brominated and immediately
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Figure 2.19: Reagents and conditions: (vii) 2-hydroxyphenyl boronic acid, Pd(PPh3)4 (5 mol %), K3PO4,

toluene, 1,4-dioxane, 90 oC, 1 h 30 min (53 %)

protected with a boc group, to increase stability to form N-boc-2-bromo pyrrole (2-10)

in good yields (68%). The bromo-pyrrole (2-10) was then coupled to 2-hydroxyphenyl

boronic acid (2-9), and the product underwent an intramolecular cyclization to form cyclic

carbamate 2-11. The carbamate ring was then opened under mild hydrolysis conditions

to yield the mono-functionalized pyrrole 2-12. Changing the functional groups on the

pyrrole and the phenyl ring, by using 2-bromophenol 2-13 and N-boc-pyrrole-2-boronic

acid 2-14 as the catalysis reagents, the reaction occurred in the same way, however the

intermediate carbamate 2-11 was only formed in small quantities and the major product

is the ring opened functionalized pyrrole 2-12. Due to the loss of the boc- protecting group

it can be assumed that the carbamate formation and subsequent hydrolysis happens in

situ.

2-bromophenol (2-13) and N-boc-pyrrole-2-boronic acid (2-14) underwent a palladium

catalyzed Suzuki coupling reaction mediated by Pd(XPhos) with K3PO4 being used as

the inorganic base. As previously mentioned the major product was the mono-substituted

pyrrole 2-12 in good yields and with the two-fold benefit of direct synthesis of 2-12

without the need for further deprotection reactions.

Following literature procedures, BOD1 was synthesized via a standard one-pot con-

densation of 4-carboxybenzaldehye and 2,4-dimethyl-3-ethyl pyrrole (2-15) with trifluo-
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Figure 2.20: Two synthetic methods to 2-(1H-pyrrol-2-yl)phenol. Reagents and conditions: (top) (i)

Pd(PPh3)4 (5 mol %), K2CO3, toluene/EtOH/H2O (45 %); (ii) NaOH, EtOH, 1 h (56 %). (bottom) (i)

Pd(XPhos), K3PO4, THF/H2O, 24 h (68 %)

roacetic acid in dichloromethane, followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ) to form the dipyrrin. This intermediate dipyrrin was deprotonated

by iPr2NEt and subjected to complexation with BF3.OEt2 to form BOD1 in moderate

yields.

Figure 2.21: Synthesis of BOD1. (i) 4-carboxybenzaldehyde, CF3CO2H, CH2Cl2; (ii) p-chloranil; (iii)
iPr2NEt, BF3.OEt2 (51 %)
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2.4 Structural Characterization - NMR

BOD1, BOD2 and BOD3 have been structurally characterised by 1H NMR, alongside

the methyl protected BOD3-Me . The 1H NMR assignments for BOD1 are summarised

in Table 2.2 with protons labelled as shown in Figure 2.22. These values are in good

agreement with previously published data on this compound.35

Hx m, H δ (ppm) J (Hz)

1 - - -

2 d, 2H 8.25 8.4

3 d, 2H 7.45 8.4

4 s, 6H 1.27 -

5 q, 4H 2.30 7.5

6 t, 6H 0.98 7.5

7 s, 6H 2.54 -

Table 2.2: 1H NMR assignments for BOD1 in CDCl3

Figure 2.22: Structure of BOD1 with proton assignment numbers corresponding to Table 2.1

The 1H NMR assignments for BOD2 are summarised in Table 2.3 with protons labelled

as shown in Figure 2.23.

The 1H NMR assignments for BOD3-Me and BOD3 are summarised in Table 2.4, with

protons labelled in Figure 2.25. Structurally the two compounds are almost identical,

with BOD3-Me being the methyl ester derivative featuring a 3H singlet at 3.99 ppm from

the -CH3 group of the ester. This peak is absent in BOD3 indicating the free carboxylic

acid group. The acidic -CO2H proton is absent in the spectrum of BOD3. The carboxylic
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Hx m, H δ (ppm) J (Hz)

1 br, s, 1H 6.90 -

2 d, 2H 8.27 9

3 d, 2H 7.72 9

4 d, 2H 6.87 6

5 d, 2H 6.67 -

6 m, 4H 7.94 - 7.86 -

7 m, 4H 6.48 - 6.42 -

8 m, 2H 6.48 - 6.42 -

9 m, 4H 6.48 - 6.42 -

10 m, 4H 7.94 - 7.86

Table 2.3: 1H NMR assignments for BOD2 in CDCl3

Figure 2.23: Structure of BOD2 with proton assignment numbers corresponding to Table 2.4

acid moiety has a higher inductive effect than the methyl ester analog, and therefore the

protons closest to this group show significant change in chemical shift. The A-B doublet

pair arising from the para substituted phenyl ring at the meso- position has been shifted

downfield due to the difference in the shielding influences from a -CO2Me vs a -CO2H

group. The protons found further from the para-carboxylate/carboxylic acid group do

not appear to be influenced by the change in electronegativity with very similar chemical

shifts and identical splitting patterns.
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Figure 2.24: Expansion of the aromatic region of the 1H NMR spectra of BOD3-Me (top) and BOD3

(bottom)

66



Figure 2.25: Structures of BOD3-Me and BOD3 with proton assignment numbers corresponding to Table

2.4

BOD3-Me BOD3

Hx m, H δ (ppm) J (Hz) Hx m, H δ (ppm) J (Hz)

1 s, 3H 3.99 - 1 - - -

2 d, 2H 8.23 9 2 d, 2H 8.28 9

3 m, 4H 7.85 - 7.75 - 3 d, 2H 7.85 9

4 d, 2H 6.92 3 4 d, 2H 7.01 - 6.92 -

5 m, 4H 7.09 - 7.03 - 5 d, 2H 7.11 - 7.03 -

6 m, 4H 7.09 - 7.03 6 m, 4H 7.11 - 7.03

7 t, 2H 7.35 6 7 t, 2H 7.36 6

8 m, 4H 7.85 - 7.25 - 8 d, 2H 7.80 9, 1.8

9 d, 2H 6.97 - 9 d, 4H 7.01 - 6.92 -

Table 2.4: 1H NMR assignments for BOD3-Me (left) and BOD3 (right) in CDCl3

2.5 Conclusions

This chapter outlines the synthesis of three BODIPY sensitizers via previously published

literature methods towards alpha substituted BODIPYs. Although initial attempts us-

ing regioselective halogenation of the BODIPY core and subsequent deprotection of the

methyl ester protecting group were unsuccesful, a reworked synthesis pathway yielded two

novel BODIPY dyes with benzoic acid anchor groups suitable for use in a DSSC.
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Chapter 3

Experimental

3.0.1 Experimental Details

Anhydrous solvents were used for electrolyte solutions, dye baths, electrochemical mea-

surements, spectroelectrochemical measurements, time-resolved spectroscopy and synthe-

sis. Anhydrous acetonitrile was purchased from Fisher Scientific (99.9 %, over molec-

ularsieves). Dichloromethane was distilled over calcium hydride. Deuterated solvents

were purchased from Fluorochem. All other reagents and chemicals were purchased from

Sigma-Aldrich unless stated otherwise

Products were characterised by 1H NMR and 13C NMR spectroscopy using a Bruker

300 MHz spectrometer at 25°C; chemical shifts (δ) are reported in parts per million

(ppm) from low to high field and referenced to residual non-deuterated solvent. Standard

abbreviations indicating multiplicity are used as follows: s = singlet; d = doublet; t =

triplet; m = multiplet. Infrared spectroscopy was performed using a Varian 800 FT-IR

spectrometer.

UV-visible absorption spectroscopy measurements in solution were recorded on either a

Perkin Elmer Lambda 25 UV-visible spectrometer, an Ocean Optics USB2000+ VISNIR

fibre optic spectrometer or a Shimadzu UV-1800 UV spectrophotometer. All measure-

ments were performed using a quartz cuvette with a path length of 1 cm.
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Photoluminescence spectroscopy measurements in solution were recorded on a Shimadzu

RF-6000 spectrofluorophotometer. All measurements were performed using a quartz cu-

vette with a path length of 1 cm.

Electrochemical studies were carried out using an IviumStat potentiostat controlled using

IviumSoft. Redox potentials were determined using cyclic voltammetry and differential

pulse voltammetry. All electrochemistry was performed under a nitrogen atmosphere,

using a three-electrode setup, in a single compartment cell. A glassy carbon working

electrode, a Pt wire secondary electrode and a saturated calomel or Ag/Ag+ (0.01 M

AgNO3 in acetonitrile) reference electrode were used. Measurements were typically carried

out in anhydrous acetonitrile that had been purged with nitrogen. The sample had a

concentration of 0.1 mM and 0.1 - 0.5 M supporting electrolyte was used. TBA ClO4, Li

ClO4 or TBA PF6 were used as supporting electrolytes. All redox potentials are quoted

against the Fc/Fc+ couple used as an internal standard.

UV-visible absorption spectra of the dyes adsorbed onto NiO films were recorded using

an Ocean Optics USB2000+ VIS-NIR fibre-optic spectrophotometer. Current-voltage

measurements were performed using an Ivium CompactStat or IviumStat potentiostat

under simulated sunlight (AM1.5) from an Oriel VeraSol-2 Class AAA LED Solar Sim-

ulator, with an intensity of 100 mW cm˘2 . To determine the photocurrent density and

photovoltage for a particular system, an average of three solar cells were fabricated and

tested.

Femtosecond (fs) transient absorption measurements of dyes BOD1-3 in solution and

grafted on NiO surface were carried out using a customized pump-probe laser setup based

on an amplified Ti:Sapphire oscillator (Libra, Coherent Inc). The pump pulses exciting

the sample were spectrally centered at 537 and 600 nm (TOPASwhite, Lightconversion

Ltd.) for dyes BOD1-2 and BOD3 with a pump-pulse energy of 1 J. A white light con-

tinuum (350 nm < λ < 750nm)generatedbyfocusingonarotatingCaF 2 windows was used

to probe the samples with typical probe intensities in the range of hundred nJ. The pump

beam was delayed in time (∆t up to 2 ns) with respect to the probe beam using an optical
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delay line and the mutual polarization between pump and probe beam was set to magic

angle (54.7º). The transient absorption data ∆A(λ,∆t) data was chirp corrected and

analyzed by global fitting to a sum of exponentials. A spectral band of ± 20 nm around

the pump wavelength was neglected from analysis due to pump-scattering effect in this

spectral region. In addition, the pulse overlap region, i.e. ± 250 fs around time-zero, was

excluded from the data fitting procedure to avoid prominent contributions from coherent

artifacts.39,40 For fs transient absorption measurements of dyes BOD1-3 in solution, the

optical density of each dye was adjusted to 0.2 (in a quartz cuvette with 1 mm optical

path length) in dried acetonitrile at the respective excitation wavelength. For fs transient

absorption measurements of dyes BOD1-3 on NiO, the BOD1-3 sensitized NiO films were

prepared by immersing NiO films on FTO glass with an active area of 0.5 × 1.5 cm2 in

0.5 mM BOD1-3 solution for 12 h. The BOD1-3 sensitized NiO films were thoroughly

rinsed with acetonitrile to remove physisorbed dyes. All measurements were undertaken

in sandwiched NiO cells with redox and inert electrolyte and thin film Pt-coated FTO

as counter electrode. The I3/I redox electrolyte contained 0.5 M tetrabutylammonium

iodide, 0.1 M Lithium iodide, 0.1 M iodine and 0.5 M 4-tert-butylpyridine in acetonitrile

while the inert electrolyte was 0.1M Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)

in acetonitrile. To prevent any possible degradation on the BOD1-3 sensitized NiO film,

the sample was moved during the pump-probe experiments.

BOD1

4-carboxybenzaldehyde (50 mg, 0.33 mmol) was loaded into a Schlenk flask and placed

under an N2 atmosphere. 2,4-dimethyl-3-ethylpyrrole (2-15) (0.1 mL, 0.73 mmol) and

anhydrous dichloromethane (2 mL) were added, followed by trifluoroacetic acid (2 drops).

The reaction mixture was stirred in the dark for 3 h before p-chloranil (90 mg, 0.37 mmol)

was added and the reaction was stirred for a further 45 minutes. Diisopropylethylamine

(1 mL, 5.7 mmol) was added and the reaction was left to stir for 5 minutes before boron

trifluoride diethyl etherate 0.83 mL, 6.73 mmol) was added dropwise via a syringe before

the reaction was left to stir at room temperature for a further hour. The crude reaction

mixture was diluted with dichloromethane and washed with water. The organic extracts
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were dried over sodium sulphate and the excess organic solvent was removed under reduced

pressure. The crude product was purified by column chromatography (DCM:MeOH 98:2)

to afford BOD1 (72 mg, 51%) as a dark red solid. 1H NMR (300 MHz, CDCl3): δ 8.25

(d, J = 8.4 Hz, 2H), 7.45 (d, J = 8.4 Hz, 2H), 2.54 (s, 6H), 2.30 (q, J = 7.5 Hz, 4H), 1.27

(s, 6H), 0.98 (t, J = 7.5 Hz, 6H). 13C NMR (100 MHz, CDCl3): δ 171.8, 156.4, 154.5,

141.8, 138.6, 138.2, 133.3, 131.1, 130.3, 129.0, 17.2, 14.7, 12.7, 12.0.

IR (neat): max/cm-1 2982, 1734, 739

2-2 - Diphenyliodinium triflate

3-Chloroperbenzoic acid (1.54 g, 8.9 mmol) was added to a solution of iodobenzene (2-

1) (0.9 mL, 8.1 mmol) in dichloromethane (100 mL). Benzene (0.79 mL, 8.84 mmol)

was added followed by dropwise addition of trifluoromethanesulfonic acid (2.14 mL) and

left to stir for 30 minutes. The crude reaction mixture was concentrated under reduced

pressure. Addition of diethyl ether precipitated the product 2-2 (1.822 g, 52 %) as an

off-white crystalline powder which was filtered and washed with diethyl ether. 1H NMR

(300 MHz, Chloroform-d) δ 8.02 – 7.92 (m, 2H), 7.70 – 7.59 (m, 1H), 7.49 (dd, J = 8.3, 7.1

Hz, 2H). 13C NMR (75 MHz, Chloroform-d) δ 135.09, 132.74, 132.46 121.80. IR (neat):

max/cm-1 745, 728

2-3 - 2-phenyl-1Hpyrrole

2-2 (527 mg, 1.23 mmol) and sodium hydroxide (74 mg, 1.85 mmol) were loaded into a

Schlenk tube and degassed with N2. Pyrrole was added and the mixture was heated to 80
oC and stirred overnight. The reaction mixture was cooled to room temperature and the

excess pyrrole was removed under reduced pressure. The crude solid was redissolved in

ethyl acetate and washed with water, the combined organic layers were dried with MgSO4

and the excess solvent was removed under reduced pressure. The product was purified

by silica gel chromatography (2:1 petroleum ether:ethyl acetate) to afford 2-3 as a beige

solid (115 mg, 65 %) 1H NMR (300 MHz, Chloroform-d) δ 8.44 (s, 1H), 7.53 – 7.44 (m,

2H), 7.43 – 7.31 (m, 2H), 7.27 – 7.15 (m, 1H), 6.87 (td, J = 2.7, 1.5 Hz, 1H), 6.53 (ddd, J

= 3.5, 2.6, 1.5 Hz, 1H), 6.31 (dt, J = 3.5, 2.6 Hz, 1H). 13C NMR (75 MHz, Chloroform-d)
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δ 132.80, 132.16, 128.90, 126.22, 123.87, 118.83, 110.14, 105.96. IR (neat): max/cm-1

755, 716, 691

BOD2 - 4-(5,5-difluoro-3,7-diphenyl-5H-4λ4,5λ4-dipyrrolo [1,2-c:2’,1’-f ][1,3,2]diazaborinin-

10-yl)benzoic acid

2-3 (90 mg 0.733 mmol), 4-carboxybenzaldehyde (51 mg, 0.333 mmol) were loaded into

a Schlenk tube and placed under an N2 atmosphere. Dry dichloromethane (10 mL) was

then added and the mixture was left to stir until the reactants had fully dissolved. Triflu-

oroacetic acid (2 drops) was added and the reaction was left to stir for 3 hours. p-chloranil

(90 mg, 0.366 mmol) was then added with continued stirring for 10 minutes, before di-

isopropylethylamine (1 mL) followed by boron trifluoride diethyletherate (1 mL). The

reaction was then left to stir for 12 h in the dark, before dilution with dichloromethane

and washing with NaHCO3. The organic layers were combined and the excess solvent was

removed under reduced pressure. The crude product was purified by silica gel chromatog-

raphy (99:0.9:0.1 dichloromethane:methanol:acetic acid) before recrystallization by slow

diffusion of pentane into dichloromethane to afford BOD2 as a red solid (25 mg, 16%).

1H NMR (300 MHz, Chloroform-d) δ 8.27 (d, J = 8.5 Hz, 1H), 7.94 – 7.86 (m, 2H), 7.72

(d, J = 8.5 Hz, 1H), 7.45 (dd, J = 5.0, 1.9 Hz, 3H), 6.90 (s (broad), 1H), 6.87 (d, J = 3.6

Hz, 2H), 6.67 (d, J = 3.6 Hz, 2H). IR (neat): max/cm-1 3159, 1704

2-5 - methyl 4-((1H-pyrrol-2-yl)(2H-1λ4-pyrrol-2-yl)methyl)benzoate

Methyl-4-formylbenzoate (2-4) (2.00g, 12 mmol) was suspended in an aqueous solution of

[0.18] M HCl (100 mL) and left to stir for 20 minutes. Pyrrole (2.3 mL, 39 mmol) was then

added dropwise via syringe over 5 minutes before stirring continued for a further 4 hours.

The pale pink precipitate was filtered and washed with distilled H2O and petroleum ether

to afford the dipyrromethene 2-5 (2.82 g, 84%). 1H NMR (300 MHz, Chloroform-d) δ

7.98 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.5 Hz, 3H), 6.72 (td, J = 2.7, 1.5 Hz, 1H), 6.20 –

6.12 (m, 1H), 5.89 (m, 2H), 5.53 (s, 1H), 3.91 (s, 3H).

2-6 - methyl (Z)-4-((5-bromo-1H -pyrrol-2-yl)(5-bromo-2H -pyrrol-2-ylidene)

methyl)benzoate
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2-5 (2.00 g, 8.48 mmol) was dissolved in dry THF (200 ml) under an N2 atmosphere

and cooled to -78 oC. Once cooled, N-bromosuccinimide 3.04 g, 17.08 mmol) was added

as a solid in one portion and the reaction was left to stir for 1 h. Following this 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (2.00 g, 6.8 mmol) was added at -78 oC and the

reaction was left to warm to room temperature, before the crude mixture was diluted with

dichloromethane and extracted with a saturated sodium sulphite solution and water. The

organic layers were combined and dried over MgSO4 and the solvent was removed under

reduced pressure. The crude product was purified by silica gel column chromatography

(1:1 DCM : petrol 40-60) to give 2-6 (1.89 g, 51%) IR (neat): max/cm-1 1716, 1434, 1357

2-7 - methyl 4-(3,7-dibromo-5,5-difluoro-5H -4λ4,5λ4-dipyrrolo[1,2-c:2’,1’-f ] [1,3,2]diazaborinin-

10-yl)benzoate

The crude mixture of 2-6 (0.43 g, 1 mmol) was dissolved in dichloromethane (5 mL) and

placed under a N2 atmosphere. Diisopropyl ethylamine (0.43 mL, 2.5 mmol) was added

and the reaction was left to stir for 5 minutes before boron diflouorodiethyl etherate

(0.25 mL, 2 mmol) was added slowly dropwise and the mixture was left to stir at room

temperature for 1 hour. The crude mixture was washed with sodium hydroxide (0.1 M,

50 mL) and hydrochloric acid (0.1 M, 50 mL). The organic extracts were combined and

dried with sodium sulfate and the excess solvent was removed under reduced pressure.

The crude produce was purified by column chromatography (1:1 dichloromethane:toluene)

to afford 2-7. (0.37 g, 77%) 1H NMR (300 MHz, Chloroform-d) δ 8.18 (d, J = 8.5 Hz,

2H), 7.57 (d, J = 8.5 Hz, 2H), 6.74 (d, J = 4.3 Hz, 2H), 6.55 (d, J = 4.3 Hz, 2H), 3.98 (s,

3H). 13C NMR (75 MHz, Chloroform-d) 166.65, 142.06, 137.19, 135.85, 134.14, 132.88,

132.02, 130.90, 130.26, 123.71, 53.15 IR (neat): max/cm-1 1722, 1545, 726

BOD3-Me + cBOD3-Me

2-7 (50 mg, 0.1 mmol), Tetrakis(triphenylphosphine)palladium(0) (6 mg, 0.005 mmol 5

mol%), potassium phosphate(130 mg, 0.6 mmol) and 2-hydroxyphenyl boronic acid (2-

9)(100 mg, 0.73 mmol) were loaded into a Schlenk flask and degassed thoroughly. A 1:1

mixture of toluene (1 mL) and 1,4-dioxane (1 mL) were added to the flask and the solution

76



was heated to 90 oC for 90 minutes. Once finished the reaction was left to cool to room

temperature before being diluted with dichloromethane (5 mL) and washed with water.

The organic extracts were dried over sodium sulfate and excess solvent was removed

under reduced pressure. The crude product was purified by column chromatography (6:1

petroleum ether:ethyl acetate) to afford BOD3-Me and cBOD3-Me. (25.8 mg, 53%

and 6.8 mg, 14% respectively.) BOD3-Me 1H NMR (300 MHz, Chloroform-d) δ 8.21 (d,

J = 8.4 Hz, 2H), 7.85 – 7.75 (m, 4H), 7.35 (ddd, J = 8.3, 7.3, 1.7 Hz, 2H), 7.09 (d, J =

1.1 Hz, 1H), 7.07 – 7.03 (m, 3H), 6.97 (dd, J = 8.3, 1.1 Hz, 2H), 6.92 (d, J = 4.4 Hz, 2H),

3.99 (s, 3H). 13C NMR (75 MHz, Chloroform-d) δ 166.5, 154.4, 150.6, 138.5, 137.1, 134.2,

132.6, 132.0, 130.6, 130.0, 129.9, 126.0, 120.7, 119.9, 119.7, 116.9, 52.6. cBOD3-Me 1H

NMR (300 MHz, Chloroform-d) δ 8.23 – 8.17 (m, 2H), 7.80 – 7.70 (m, 3H), 7.31 (ddd, J

= 8.0, 1.1, 0.6 Hz, 1H), 7.25 – 7.15 (m, 3H), 7.00 (dd, J = 4.5, 3.8 Hz, 2H), 6.98 – 6.90

(m, 2H), 6.86 (d, J = 4.3 Hz, 1H), 6.77 (dd, J = 8.3, 1.0 Hz, 1H), 6.43 (d, J = 4.6 Hz,

1H), 3.99 (s, 3H). 13C NMR (75 MHz, Chloroform-d) δ 166.6, 163.2, 156.9, 154.6, 148.4,

138.2, 137.3, 132.3, 131.9, 131.5, 130.5, 130.3, 129.9, 129.5, 128.4, 127.7, 127.5, 125.2,

124.6, 121.5, 120.4, 120.3, 117.0, 115.7, 107.9, 52.6.

IR (neat): max/cm-1 1721, 1270, 744

2-8 - methyl 4-(5,5-difluoro-3,7-bis(2-methoxyphenyl)-5H -4λ4,5λ4-dipyrrolo[1,2-

c:2’,1’-f ][1,3,2]diazaborinin-10-yl)benzoate

2-7 (50 mg, 0.1 mmol), Tetrakis(triphenylphosphine)palladium(0) (6 mg, 0.005 mmol

(5 mol%), potassium phosphate (130 mg, 0.6 mmol) and 2-methoxyphenylboronic acid

(2-9Me) (120 mg, 0.79 mmol) were added to a Schlenk flask and placed under a N2

atmosphere. A 1:1 mixture of toluene:dioxane were added to the flask and the reaction

was heated to 90 oC for 90 minutes. The reaction was then left to cool to room temperature

before being diluted with dichloromethane and washed with water. The organic extracts

were combined and dried with sodium sulfate, and the excess solvent was removed under

reduced pressure before purification by column chromatography (6:1 petroleum ether:ethyl

acetate) to afford 2-8 (38 mg, 77%) 1H NMR (300 MHz, Chloroform-d) δ 8.20 (d, J =
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8.5 Hz, 2H), 7.78 – 7.65 (m, 4H), 7.40 – 7.28 (m, 2H), 7.05 – 6.88 (m, 4H), 6.78 (d, J =

4.9 Hz, 2H), 6.60 (d, J = 4.5 Hz, 2H), 4.00 (s, 3H), 3.78 (s, 6H). 13C NMR (75 MHz,

Chloroform-d) δ 157.56, 139.04, 135.16, 130.73, 130.54, 129.39, 121.86, 120.28, 110.96,

55.80. IR (neat): max/cm-1 1721, 1270, 754

2-12 - 2-(1H -pyrrol-2-yl)phenol

In a Schlenk tube was loaded 2-bromophenol (2-13) (0.50 g, 2.89 mmol), N-boc-pyrrole-

2-boronic acid (2-14) (0.914 g, 4.34 mmol), Pd(XPhos) (44 mg, 0.058 mmol) and K3PO4

(1.15g, mmol) and placed under a N2 atmosphere. The solids were then dissolved in THF

(10 mL) and H2O (5 mL) and the reaction was heated to 75 oC and stirred continu-

ously for 24 h. The reaction mixture was cooled to room temperature and diluted with

dichloromethane (20 mL) and washed with water (2 x 30 mL). The organic layers were

dried over MgSO4 and the excess solvent was removed under reduced pressure. The crude

product was purified by silica gel column chromatography (3:1 hexane:dichloromethane)

to afford 2-12 (0.31 g, 68 %) 1H NMR (300 MHz, Chloroform-d) δ 9.42 (1H, br s), 7.54

(1H, dd, J = 7.8, 1.5 Hz), 7.10 (1H, td, J = 7.8, 1.5 Hz), 6.97 (1H, td, J = 7.5, 1.1

Hz), 6.89-6.91 (1H, m), 6.84 (1H, dd, J = 7.8, 1.0 Hz), 6.59-6.57 (1H, m), 6.34-6.31 (1H,

m). 13C NMR (75 MHz, Chloroform-d) δ 151.13, 128.90, 127.33, 127.18, 121.55, 119.79,

118.63, 116.39, 109.36, 106.36. IR (neat): max/cm-1 3425, 744

BOD3

2-12 (90 mg 0.733 mmol), 4-carboxybenzaldehyde (51 mg, 0.333 mmol) were loaded into

a Schlenk tube and placed under an N2 atmosphere. Dry dichloromethane (10 mL) was

then added and the mixture was left to stir until the reactants had fully dissolved. Triflu-

oroacetic acid (2 drops) was added and the reaction was left to stir for 3 hours. p-chloranil

(90 mg, 0.366 mmol) was then added with continued stirring for 10 minutes, before di-

isopropylethylamine (1 mL) followed by boron trifluoride diethyletherate (1 mL). The

reaction was then left to stir for 12 h in the dark, before dilution with dichloromethane

and washing with NaHCO3. The organic layers were combined and the excess solvent

was removed under reduced pressure. The crude product was purified by silica gel chro-
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matography (99:0.9:0.1 dichloromethane:methanol:acetic acid) before recrystallization by

slow diffusion of pentane into dichloromethane to afford BOD3 (11 mg, 7%). 1H NMR

(300 MHz, Chloroform-d) δ 8.27 (d, J = 8.4 Hz, 2H), 7.85 (d, J = 8.4 Hz, 2H), 7.80 (dd,

J = 7.7, 1.7 Hz, 2H), 7.36 (ddd, J = 8.3, 7.3, 1.7 Hz, 2H), 7.11 – 7.03 (m, 4H), 7.01 – 6.92

(m, 4H). IR (neat): max/cm-1 2983, 1736, 746
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Chapter 4

Spectroscopy

4.1 Aims

The photophysical and electrochemical properties of three BODIPY sensitizers (BOD1-3)

were studied to assess their suitability for use in a p-DSSC. Using UV-Visible spectroscopy

and cyclic voltammetry the frontier orbital energies were calculated and key driving forces

in the electron transfer pathway in a p-DSSC (∆Ginj and ∆Greg) were estimated. The

three dyes were studied in a working p-DSSC and the solar cell characteristics were re-

ported.

4.2 Experimental Methods

4.2.1 Steady State Ultraviolet-visible Spectroscopy

The solar spectrum has a maximum irradiance in the visible region between 1.4 - 4.0 eV.

Valence electron transitions (from p, d and π-orbitals) upon irradiation of the molecule can

be monitored with visible light. UV-visible spectroscopy produces a cross section of the

absorption of a molecule and quantifies the proportion of light absorbed at a particular

wavelength or energy. Absorption can be quantified by the Beer-Lambert Law and is

described at the molar absorption coefficient (ε, dm3 mol−1 cm−1) which is describes how

well the molecule absorbs incoming radiation.1
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log10
I0

I
= εcl (4.1)

Where I0 is the intensity of incident light, I is the intensity of transmitted light, ε is the

molar absorption coefficient. c is the concentration of analyte in solution and l is the path

length through which the light passes through the sample.

4.2.2 Photoluminesence Spectroscopy

Photoluminesence (or Fluoresence) spectroscopy probes the radiative decay processes from

a photogenerated excited state. These processes are important to characterise in DSSC

as the charge transfer processes associated with the working mechanism of these cells

occur in the excited state. When a molecule absorbs a photon, an electron from the

ground state is promoted to a higher energy singlet excited state. This energy is then

released via radiative and non-radiative decay processes to relax back to the ground state.

These radiative and non-radiative decay processes are outlined in Fig. 4.1. Internal

conversion and vibrational relaxation happen on a shorter timescale than fluoresence,

therefore fluoresence only occurs from the lowest energy singlet state (S1 −→ S0). This

is described by Kashas Rule.2 Two types of PL spectra have been used in this thesis.

Emission spectra measure the fluoresence intensity over a range of wavelengths, following

monochromatic excitation. Excitation spectra measure the emission intensity at a fixed

wavelength as a function of the excitation wavelength. Both the UV-Visible spectra and

the photoluminesence spectra have been used to estimate the zero-zero energy (E0−0),

defined as the intercept between the normalised emission and absorption spectra.

4.2.3 Cyclic Voltammetry

Cyclic voltammetry has been used in this thesis to understand the redox properties of the

dyes used in DSSC. During a cyclic voltammetry experiment the voltage is increased or

decreased to a user defined potential before reversal of the scan direction returning to the

origin potential, whilst continuously measuring current.
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Figure 4.1: Jablonski Diagram representing energy levels and associated spectra. Solid arrows indicate ra-

diative processes during absorption (blue, green) or emission (red). Dashed arrows indicate non-radiative

processes (blue, green, red). Below the diagram absorption and emission spectra are shown.
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Figure 4.2: Example waveform for a cyclic voltammogram: U1 shows the first switching potential, U2

shows the second switching potential

In a three electrode setup, a potential is applied at the working electrode in relation to an

internal reference electrode. The current flowing between the working electrode and the

counter electrode through the supporting electrolyte is measured. Fig 4.2 shows a typical

waveform for a cyclic voltammetry setup, Fig 4.3 shows an example cyclic voltammogram

produced from waveform 4.2.

The redox potential of an analyte at the working electrode is given by the Nernst Equation.

E = E0
r edox − kBT ln(

COX

CRED

) (4.2)

Initially when scanning in a positive direction, non-faradaic or charging processes are

observed. When E0
redox

is reached, the processes at the electrode become faradaic processes

involving oxidation and reduction of the analyte at the working electrode. The current

increases as the concentration of the analyte at the surface of the working electrode reaches

a maximum until the peak anodic current (Upa) is reached. Scanning to further positive

potentials shows a decrease in current as the species at the electrode is consumed and the
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Figure 4.3: Example cyclic voltammogram for a one electron reversible electrochemical reaction. U1

shows the first switching potential. U2 shows the second switching potential Upa and Upc show the peak

anodic and cathodic currents respectively. Ipa shows the cathodic current

faradaic processes stop.

For a reversible reaction, upon reversal of scan direction, the reverse faradaic process

can be observed, leading to an increase in cathodic current. Upon reaching the peak

cathodic current (Upc) and scanning back towards the origin, the analyte is depleted at

the electrode surface and the cathodic current decreases again.

For organic dyes, such as the ones presented in this thesis, the oxidation potential is

the potential where an electron is removed from the HOMO of the dye. The reduction

potential is the potential at which an electron is accepted into the LUMO. As such, using

cyclic voltammetry, the HOMO-LUMO energies can be estimated. When coupled with

UV-vis and emission spectroscopy the excited state redox potentials can be estimated.

Current Voltage Characteristics

In order to determine the solar cell device efficiency, the current-voltage (J-V) measure-

ments must be recorded (Fig. 4.4). All J-V measurements were performed under 1 sun
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Figure 4.4: Sample JV curve for a p-DSSC. Key solar cell parameters are labelled.

(AM 1.5) illumination. There characteristics of the device are monitored under irradia-

tion under a variable external load, from zero (short-circuit conditions) to infinite load

(open-circuit conditions).

The maximum power (Pmax) is found at the point where the product of the current and

voltage is highest. The solar cell efficiency (η) is calculated by taking the ratio between

Pmax and the power of the incident light placed on the cell (Pin = 1000 W m−2). Equation

4.3 is used to calculate η

η =
Pmax

Pin

=
JSC .VOC .FF

Pin

(4.3)

The Fill Factor (FF) (Equation 4.4) is the ratio between the maximum power and the

product of JSC and VOC and reflects the squared shape of the JV curve.

FF =
Jmax.Vmax

JSC .VOC

(4.4)

By measuring the J-V characteristics without illumination, information about recombi-

nation with the redox electrolyte can be obtained, as in the dark no interactions with the

86



electronically excited dye occur within the device.

4.2.4 Device Fabrication

Preparation of NiO electrode

NiO electrodes were prepared according to established literature procedures.3

Anyhydrous Nickel (II) Chloride (1 g) was dissolved in ethanol (7.6 mL) and distilled water

(6 mL). To this was added a templating ploymer (Pluronic® F108, poly(ethylene glycol)-

block-propylene-glycol)-block-(polyethylene glycol) (1 g) and the solution was stirred

overnight. The solution was left in the fridge for two weeks and centrifuged immedi-

ately prior to every use. Fluorine-doped tin oxide (FTO) coated glass (Pilkington, TEC

15, 15 Ω /sq) was used as the conductive substrate to support the electrode. The coated

glass substrate was cleaned by immersion into soapy water (15 min), 0.1 M HCl in ethanol

(5 mins) and ethanol (15 min) under sonication in an ultrasonic bath before drying at

room temperature. A mask of Scotch® Magic ™ Tape (0.25 cm2, circular) was applied.

One drop of the nickel (II) chloride solution was placed and spread over the masked sub-

strate (doctor-blading). The solution was left to dry for 5 minutes before the mask was

removed and the electrodes were sintered in a muffle furnace (Nabertherm) at 450 oC for

30 minutes. The furnace was set to a ramp time of 30 minutes (15oC/min). The sintering

process anneals the NiO nanoparticles and establishes electrical connections between the

nanoparticles and between the nanoparticles and the conductive substrate. Additional

layers were applied and annealed between each layer until the the films were between 1 -

2 µ m. Whilst warm (ca. 80 oC) the electrodes were immersed in a solution of the dye

(ca. 3 mM in CH3CN).

Preparation of the counter electrode

Platinum counter electrodes were constructed from FTO coated glass (Pilkington, TEC

8, 8Ω /sq). A 1 mm hole was drilled into the corner of the electrode. The electrode

was cleaned with the same procedure outlined above for the working electrode. 1 µ l
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of chloroplatnic acid (H2PtCl6, 4.8 mM) in ethanol was applied over the surface of the

electrode and the counter electrode was annealed at 450 oC for 15 minutes (ramp time 15

min, 30 oC/min).

4.3 Electronic Absorption and Emission

The UV-Visible absorption spectrum of BOD1-3 were recorded in degassed, dry acetoni-

trile solution to determine the effect of the different alpha substitutions on the electronic

structure of the three dyes. The photophysical properties of the three dyes are detailed

in Table 4.1.

BOD1 exhibits absorption and emission profiles typical for a BODIPY based chromophore

(Figure 4.5). It shows a narrow absorption band with absorption maxima over 500 nm,

with a shoulder at a higher energy, characteristic of a BODIPY S0 to S1 transition. A less

intense broad absorption band around 400 nm arises from contributions of the meso-aryl

ring system lying perpendicular to the plane of the BODIPY core.

λabs(nm) λem(nm) ε(dm3mol−1cm−1) E0−0(eV )

BOD1 528 536 20 425 2.33

BOD2 515 541 14 325 2.35

BOD3 625 654 24 846 1.93

Table 4.1: Photophysical properties of BOD1, BOD2 and BOD3. The absorption (λabs) and emission

(λem) maxima, the absorption coefficient (ε) determined in acetonitrile solution. E0−0 is calculated from

the wavelength of the intersection between the normalized absorption and emission spectra λint: E0−0 =

1240/λint

BODIPY dyes generally show narrow emission bands, which appear as the mirror image

of the absorption band. BODIPY dyes generally have small Stokes shifts, the rigid core

of the chromophore show small amounts of structural change in the molecule during

excitation and subsequent relaxation.4 BOD1 has a narrow well defined emission profile

in acetonitrile with an emission maxima (λem) at 536 nm and Stokes shift of 280 cm−1.

BOD2 has a much broader and less well defined absorption spectrum then BOD1 (Figure
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Figure 4.5: Normalised absorption (black line) and emission (red line) of BOD1 in acetonitrile solution.

Excitation wavelength (λex) = 510 nm

4.6). A hypsochromic shift of ca. 13 nm is observed for BOD2 vs BOD1 when the

alkyl substituents are removed and replaced with α-phenyl substituents. It also features a

reduction in the absorption coefficient (ε) when compared to BOD1. This band broadening

and change to the extinction coefficient values can be seen as moving away from a π -

π ∗ transition towards a charge transfer transition. These effects mirror trends found

in BODIPY’s previously made by Summers, whereby removal of the alkyl substituents

from the pyrrolic positions of BODIPY and increasing electronic communication between

the BODIPY core and the meso substituents appeared to reduce the BODIPY π - π ∗

transitions in favour of a charge transfer transition.

Inspection of the emission spectra of BOD2 shows two broad emission bands, with different

intensities. Broadening of the emission profile of BOD2 can be attributed to an increase

in non-radiative deactivation pathways introduced by the α-phenyl substituents. The low

emission for this dye arises from free rotation of the aryl groups and reduction in rigidity

in the system. Similar reports of α-phenyl BODIPY systems with rotating meso- and α-

substituents agree with this.5 The excitation spectra associated with these two peaks show
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Figure 4.6: Normalised absorption (black line) and emission (red line) of BOD2 in acetonitrile solution.

Excitation wavelength (λex) = 500 nm

two emissive species in solution (Figure 4.7). The higher energy emission peak gives rise

to an excitation spectrum of a typical BODIPY with narrow absorption with a shoulder at

higher energy. The lower energy emission band gives rise to a broad featureless excitation

spectrum, with lower intensity and bathochromically shifted by 8 nm. Planar organic

dyes like BODIPY are prone to π-stacking with the planes of the molecule laying parallel

to one another and thus aggregate in solution. The displacement of these planes, defined

as the slip angle between the dye units defines the nature of the aggregate.6 At a slip

angle of 54.7°the aggregate and monomers have degenerate excited states and fluoresce

as normal. At a slip angle of lower than 54.7°a J-aggregate can form, characterized by a

red-shift in absorption and emission when compared to the monomer, with small Stokes

shifts and sharpened spectral features.7 At slip angles higher than 54.7°H-aggregates can

be formed and the upper excited state is accessible leading to a high-energy transition

and hence a hypsochromic shift in absorption and emission, with very low fluoresence

quantum yields.6,8 Since a red shift is observed between the two species, it should not

be ruled out that BOD2 forms J-aggregates in solution, however the broadening of the
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Figure 4.7: Emission spectrum (blue) and excitation spectra associated to the emission bands at 538 nm

(black) and 580 nm (red) for BOD2

absorbance and emission profiles for this species indicates that the rotational effects of the

substituted phenyl groups may cause the observed photophysical properties rather than

any aggregate formation.

The formation of aggregates in solution usually leads to lower device performance in a

DSC, due to aggregation on the surface on the NiO semiconductor surface. This multilayer

of dye leads to competition for the absorption of irradiated photons and non-radiative

recombination. As only the first monolayer of dye is electronically coupled to the surface

of the semiconductor via the carboxylic acid anchor group, any excitation of the other

dye species in the system causes loss of potential photocurrent that could be generated by

dyes bound to the surface of the semiconductor. Dye aggregates on the surface can also

lead to recombinative losses by quenching of the charge separated state, by recombination

of the photogenerated holes localized in the semiconductor. Despite the addition of the

two phenyl substituents to the alpha position and the extended conjugation of BOD2, the

UV-Vis absorption and emission of the molecule are not significantly bathochromically

shifted. This can presumably be attributed to the phenyl rings, although coupled directly
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Figure 4.8: Normalised absorption (black line) and emission (red line) of BOD3 in acetonitrile solution.

Excitation wavelength (λex) = 585 nm

to the core of the chromophore, which lie orthogonal to the plane of dipyrromethane

nucleus and do not contribute to an extended π system.

BOD3 shows a significant bathochromic shift in both absorption and emission compared to

both BOD1 and BOD2 (Figure 4.8) consistent with previous reports of cyclicly contrained

BODIPY.9 The BNO hexacyclic ring formed between the alpha phenolic units and the

BF2 unit leads to a constrained cyclic system which causes the α-substituents to be forced

closer to planarity with the dipyrromethane nucleus of the chromophore. BOD3 does

not show any aggregation behaviours in solution, both the absorption and emission are

well defined and display typical BODIPY-like features, however the spectra are slightly

broadened.

A comparison of the steady state UV-Visible spectrum for dyes BOD1-3 can be seen

in Figure 4.9. The overall broadening of the absorption profile of BOD3 vs. BOD1,

alongside the increased contribution of the higher energy absorbance band at ca. 425

nm support the theory that the meso-phenyl group and 1,7 substituted phenyl groups in
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Figure 4.9: UV-Visible absorption spectra of BOD1 (pink), BOD2 (purple) and BOD3 (green) recorded

in dry, degassed acetonitrile.

BOD3 are more electronically coupled to the BODIPY core and therefore has increased

electronic communication between the two sub-units. This is reinforced by comparing the

structures of the two dyes, specifically at the 1,7- positions. Many reports have shown that

BODIPY containing alkyl-substituents on the 1,7-position with a meso-aryl substituent

force the geometry of the meso-group to lie orthogonal to the plane of the core. BOD1

has two alkyl substituents preventing the free rotation of the meso-aryl ring around the

C2 axis of the dye, this hindering any electronic communication between the core and

the anchor group. BOD3 conversely has no substituents in the 1,7- positions, the ability

for uinhindered rotation and therefore a more planar geometry is enhanced and overall

electronic communication between the core and anchor group is increased.

The emission is also bathochromically shifted, to both BOD2 and BOD1 due to the

constrained multi ring system contributing to a larger π-system located over the whole

molecule. The stokes shift is increased to ca. 29 nm (vs. 8 nm for BOD1 and 26 nm for

BOD2) indicating higher reorganisation energy in the excited state leading to radiative

energy loss to vibrational relaxation pathways or to the surrounding solvent. In summary,
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BOD1 and BOD3 exhibit typical characteristics of BODIPY dyes, with large extinction

coefficients, small Stokes shifts and narrow and well defined absorbance profiles, with

emission spectra close to the mirror image of the absorption. BOD3 is bathochromically

shifted in both absorption and emission vs BOD1 by ca. 103 nm (absorption) and 118

nm (emission). Band broadening observed in both absorption and emission of BOD3,

alongside a larger contribution of the higher energy absorption band at ca. 425 nm

indicate a higher degree of electronic communication between the BODIPY core and

the benzoic anchor group. BOD2 shows aggregation behaviour in solution, indicated

by the broad featureless absorption and two emissive species in solution. BOD2 is also

hypsochromically shifted to both BOD1 and BOD3. The pendant phenyl groups in the

α-position do not contribute to the extended π-system and therefore do not reduce the

HOMO-LUMO gap and subsequentlyhave limited influence to the max of the dye . As the

phenyl groups are free to rotate and are not constrained as in BOD3, emission appears to

be quenched by vibrational and/or rotational relaxation pathways from the excited state.

4.4 Electrochemistry

The electrochemical properties of all three dyes (BOD1-3) were measured in acetonitrile

to determine the oxidation and reduction potentials of the dyes to asses their suitability

for use in a p-DSSC (Figures 4.10 - 4.13). These results are summarised in Table 4.2.

The driving forces for injection into the p-type semiconductor and dye regeneration by

the redox electrolyte (∆Ginj and ∆Greg) can then be estimated. A three electrode setup

consisting of a glassy carbon working electrode, a platinum wire counter electrode and

an Ag/Ag+ reference electrode were used. The Ag/Ag+ reference electrode was com-

prised of a silver wire immersed in a solution of the supporting electrolyte with a small

amount of silver nitrate, separated from the sample solution by a Vycor glass frit. The

supporting electrolyte was 0.5M tetrabutylammonium perchlorate. The electrodes were

calibrated by using ferrocene as internal standard and determining the potential of the

ferrocene/ferrocenium redox couple by cyclic voltammetry.

Figure 4.10 shows the oxidative cyclic voltammogram and differential pulse voltammogram
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Figure 4.10: Oxidative cyclic voltammogram (100 mV s−1) and differential pulse voltammogram (100

mV s−1) of BOD1 (1 mM) measured in acetonitrile with 500 mM supporting electrolyte (TBAClO4). A

glassy carbon working electrode, platinum wire counter electrode and Ag/Ag+ reference electrode were

used.

(DPV) of BOD1 in 0.5M TBAClO4 in acetonitrile as the supporting electrolyte. The

oxidative scan was started close to 0.4 V vs Fc/Fc+. Earlier in the scan from 0-0.4 V

almost no current flowed. At 0.57 V vs. Fc/Fc+ an anodic current appeared attributed

to the oxidation of the analyte BOD1 to the BOD1+ cation. This current increased as

the scan was taken to more positive potentials as the concentration of BOD1+ at the

glassy carbon electrode increased. Slightly past the redox potential of BOD1/BOD1+

as the concentration of BOD1 was depleted on the surface of the electrode the current

decreased again. At more positive potentials the current increases again indicating a

second oxidative process occurring at the electrode attributed to oxidation of BOD1+ to

BOD1++. As before the current begins to decrease as the concentration of BOD1+ cations

at the electrode decrease. Upon reversal of the scan a small cathodic peak formed at 0.83

V that is difficult to resolve. At a more negative potential on the reverse sweep another

cathodic peak appears at 0.64 V indicating the reduction of BOD1+ back to BOD1.

The reductive scan of BOD1 (Fig. 4.11) began at -1.0V vs Fc/Fc+ and the reduction
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Figure 4.11: Reductive cyclic voltammogram (100 mV s−1) and differential pulse voltammogram (100

mV s−1) of BOD1 (1 mM) measured in acetonitrile with 500 mM supporting electrolyte (TBAClO4). A

glassy carbon working electrode, platinum wire counter electrode and Ag/Ag+ reference electrode were

used.

of BOD1 to BOD1− was indicated by an increase in cathodic current at approx -1.35

V vs Fc/Fc+. As the concentration of BOD1 at the electrode decreased and eventually

depletes, the cathodic current decreases. No further reduction processes were observed

within the solvent window.

Figure 4.12 shows the reductive differential pulse voltammagram and reductive cyclic

voltammogram for BOD2. The onset of the cathodic current occured at ca. -0.9 V vs

Fc/Fc+ and peaked at ca. 1.2 V vs Fc/Fc+. Reversing the scan produced an anodic current

associated with the reoxidation of the reduced species at the electrode at ca. -1.35 V vs

Fc/Fc+.

Figure 4.13 shows the reductive cyclic voltammogram of BOD3 overlaid with the differ-

ential pulse voltammogram reductive scan. The onset of the cathodic current begins at

ca. -1.1 V vs Fc/Fc+ and peaks at -1.29 V vs Fc/Fc+. Upon reversal of the scan the

anodic peak current is observed. The peak analysis data for the three dyes are presented
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Figure 4.12: Reductive cyclic voltammogram (100 mV s−1) and differential pulse voltammogram (100

mV s−1) of BOD2 (1 mM) measured in acetonitrile with 500 mM supporting electrolyte (TBAClO4). A

glassy carbon working electrode, platinum wire counter electrode and Ag/Ag+ reference electrode were

used.

in Table 4.3.

For a reaction to be fully reversible the peak position (U1/2) should be independent of

scan rate and the peak separation between the anodic peak current and the cathodic peak

current should be approximately 59 mV at 298 K.10 Figure 4.14 shows the peak analysis

of BOD1-3 vs the scanrate. The exact values are detailed in Table 4.3. For all three

systems the peak separation was smaller than 59 mV with BOD2 and BOD3 increasing in

peak separation with scanrate. The U1/2 peak position remains independent of scanrate,

with small variations being attributed to diffusion limitations at the electrode at slower

scan rates.

For all three dyes the reduction has been shown to be reversible, as is characteristic of

BODIPY chromophores and suitably makes them good candidates for use in p-type DSC.

For longevity of device performance the dye must be readily capable of receiving an elec-

tron from the NiO valence band in order to propagate current though the electrochemical
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D+/D / V D/D− / V D∗/D− / V E0−0 / eV

BOD1 0.62 -1.54 0.79 2.33

BOD2 0.67 -1.28 1.07 2.35

BOD3 0.69 -1.29 0.64 1.93

Table 4.2: Electrochemical properties of BOD1-3 in acetonitrile solution with 500 mM TBAClO4. D+/D

(ground state oxidation potential) and D/D− (ground state reduction potential) were determined from

the differential pulse voltammograms. D∗/D− (excited state reduction potential) was calculated using

D∗/D− = D/D− + E0−0.

Figure 4.13: Reductive cyclic voltammogram (100 mV s−1) and differential pulse voltammogram (100

mV s−1) of BOD3 (1 mM) measured in acetonitrile with 500 mM supporting electrolyte (TBAClO4). A

glassy carbon working electrode, platinum wire counter electrode and Ag/Ag+ reference electrode were

used.
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BOD1

Scanrate / V s−1 Upa Upc U1/2

0.05 -1.48 -1.60 -1.54

0.1 -1.48 -1.59 -1.54

0.2 -1.48 -1.58 -1.53

0.5 -1.48 -1.58 -1.53

1.0 -1.48 -1.58 -1.53

BOD2

Scanrate / V s−1 Upa Upc U1/2

0.05 -1.11 -1.24 -1.18

0.1 -1.05 -1.29 -1.17

0.2 -1.01 -1.32 -1.17

0.5 -0.96 -1.38 -1.17

1.0 -0.98 -1.38 -1.18

BOD3

Scanrate / V s−1 Upa Upc U1/2

0.05 -1.14 -1.32 -1.23

0.1 -1.15 -1.30 -1.23

0.2 -1.12 -1.35 -1.24

0.5 -1.09 -1.40 -1.24

1.0 -1.12 -1.38 -1.25

Table 4.3: Peak analysis data for BOD1-3. All values are taken from the reductive cyclic voltammograms

and reported in V vs. Fc/Fc+
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system.

Only BOD1 shows reversible oxidation in solution. It has been well documented that

the oxidation to the BODIPY radical anion can be stabilised with alkyl substituents in

the free pyrrolic positions.11 Without these substituents the reacting BODIPY radical

anion is prone to side reactions rendering the oxidation irreversible as seen for both dyes

BOD2 and BOD3. The formation of the reactive radical cation on the pyrrolic core can

undergo dimerization reactions on the BODIPY core and lead to formation of oligomeric

structures.12Although the unsubstituted BODIPY is more prone to these dimerization

reactions, Heiland and coworkers have shown that 2,6-substituted BODIPY dyes are still

prone to dimerization upon oxidation through the loss of a substituent.13
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Figure 4.14: Peak analysis of BOD1 (top), BOD2 (middle) and BOD3 (bottom) at different scan rates.

Peak voltages: Upa (squares); Upc (circles) and U1/2 (triangles.)
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Ered(S/S−) / V E0−0 / eV Ered(S∗/S−) / V ∆Ginj / V ∆Greg / V

BOD1 -1.54 2.33 0.79 -0.91 -0.72

BOD2 -1.28 2.35 1.07 -1.19 -0.46

BOD3 -1.29 1.93 0.64 -0.76 -0.47

Table 4.4: Calculated driving forces for electron transfer processes within p-DSC device. All potentials

are reported vs Fc/Fc+. Where Ered is the reduction potential; E0−0 is the zero-zero energy; Ered(S∗/S∗)

is the excited state potential.

4.5 Analysing Driving Forces in p-DSSC

The redox potentials can be used to estimate the driving force for charge transfer between

the dye and the semiconductor. The driving force for injection of an electron from an

electron donor, here NiO, and an electron acceptor, here the dye molecule, is taken from

the Rehm-Weller equation.14 The driving force for photoinduced electron transfer can

then be calculated using the excited state reduction potential (D*/D-) which is derived

from the ground state reduction potential and the zero-zero energy. e = electronic charge

and EV B(NiO) = 0.54 V vs. NHE15

∆Ginj = e[EV B(NiO)− Ered(D
∗/D−)] (4.5)

Ered(D
∗/D−) = Ered(D/D

−) + E0−0 (4.6)

The driving force for regeneration of the dye by the redox electrolyte can also be calculated

using the ground state reduction of the dye and the redox potential of the electrolyte.

Where E(I−3 /I.2−) = -0.19 V vs NHE.16,17

∆Greg = e[E(I−3 /I
.
2
−)− Ered(S/S

−)] (4.7)

∆Greg was lowest for the two dyes without alkyl substituents on the BODIPY core BOD2

(-0.46 V) and BOD3 (-0.47 V). Whereas the alkyl substituted BOD1 had an increased
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Figure 4.15: HOMO/LUMO energy level diagram for BOD1, BOD2 and BOD3 with driving forces for

injection (∆ Ginj) and regeneration (∆ Greg)
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LUMO energy (-0.72). As the LUMO shifts to more negative potentials the driving force

for regeneration increases, indicating BOD1 would have the most efficient regeneration

by the redox electrolyte. As all ∆ Greg values were found to be negative it is likely that

all three dyes would have thermodynamically favourable dye regeneration in an operating

p-DSC.

∆Ginj was found to be highest for BOD2 (-1.19 V) and lowest for BOD3 (-0.76 V).

BOD1 lay between these two values (-0.91 V). Liu conducted a study correlating ∆Ginj

and charge injection quantum yield and reported that 0.8 V of hole injection driving force

is needed to achieve relatively high hole injection quantum yields for NiO based p-DSC.18

Both BOD2 and BOD1 are above this value, however BOD3 has the closest ∆ Ginj to

this theoretical optimum value, laying 0.04 V below this postulated optimum.

4.5.1 Solar Cell Characteristics

Nickel oxide dye-sensitized solar cells were fabricated with dyes BOD1-3 to assess the

photovoltaic performance of the three sensitizers in a complete device. NiO thin films were

prepared as outlined in Section 4.2.4. The films were sensitized in dye baths containing

0.3 mM of the dye in CH3CN. The photocathodes were paired with a platinum counter

electrode and the empty cells were filled with a iodide/triiodide electrolyte containing

either 0.1 M iodine (I2) and 1 M lithium iodide (LiI) or 0.5 M I2 and 1 M LiI. JV curves

were taken to determine the short circuit current density (JSC) and the open circuit

voltage (VOC). These values were used to calculate the fill factor and overall solar power

conversion efficiency (PCE). For reference, p-DSC with P1 as the sensitizer were fabricated

to check the consistency of the fabrication methods. The UV-Visible spectrum of the dyes

were recorded on the NiO film to inspect how conjugation to the semiconductor affected

the electronic absorption profile.

The UV-Visible spectra of the three BODIPY dyes in NiO thin film are presented in Fig.

4.16. All three dyes experience broadening of the absorbance profile when immobilized

on a NiO thin film due to interactions between the chromophore and the semiconductor.
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Figure 4.16: Absorbance spectra of BOD1 (black), BOD2 (red) and BOD3 (blue) in solution (right) and

adsorbed onto NiO film (left)

When adsorbed onto NiO, P1 absorbs broadly from 400 nm - 600 nm. BOD3 is the most

red shifted on NiO film, which agrees with the solution based experiments. BOD2 showed

the highest absorbance on film.

The LHE (Light Harvesting Efficiency) for a dye adsorbed onto a semiconductor can be

calculated using equation 4.8, where A is the absorbance at λmax.

LHE = 1− 10−A (4.8)

Based on the differences in the LHE for the three BODIPY dyes (BOD1 = 55.3%, BOD2

= 74.9%, BOD3 = 64.5%), it would be expected to see approximately a 10% increase

in photocurrent (JSC) between BOD1 and BOD3, and a similar increase in photocurrent

between BOD3 and BOD2.

The solar cell characteristics of BOD1, BOD2 and BOD3 are shown in Table 3.1. The

highest JSC of the three BODIPY sensitizers was obtained by BOD2 (0.48 mA cm−2).

As this dye had the lowest absorption coefficient in solution and exhibits the highest

absorbance on film, it appears that that BOD2 has the highest loading of dye on the

surface of the semiconductor. BOD1 showed the lowest short circuit current and lowest

absorbance on film.
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JSC (mA cm−2) VOC (V) η (%) FF (%)

BOD1 0.12 0.07 0.004 36.90

BOD2 0.48 0.04 0.006 28.92

BOD3 0.21 0.06 0.003 29.37

P1 2.12 0.12 0.080 31.86

Table 4.5: Photovoltaic performance of nickel oxide dye-sensitised solar cells containing the three BODIPY

dyes, with an electrolyte containing 0.1 M I2 and 1.0 M LiI in CH3CN. FF is the fill factor; η is the solar

conversion efficiency

Figure 4.17: Photocurrent density-voltage curves for the NiO DSSC with BOD1 (black), BOD2 (red)

and BOD3 (blue) under 1 sun illumination (left) and in the dark (right). Electrolyte: 0.1 M I2 and 1.0

M LiI in CH3CN.

Increasing the concentration of I2 to [0.5 M] in the electrolyte shows an increase in the JSC

values for all the BODIPY sensitizers. This is attributed to the increase in concentration

of the I−3 in solution, providing more efficient regeneration of the reduced dye species at

the electrode.

The VOC for BOD2 and BOD3 p-DSSC is reduced with increased I2 concentrations, BOD1

showed no change in VOC . The aforementioned rise in JSC comes with a reduction in VOC

as recombination between the increased concentration of I− and the holes in the VB of

NiO also increases. The filling of trap states near the VB edge contributes to a raising of

the quasi-Fermi level and therefore a reduction in the maximum possible VOC possible for

the device. The presence of recombination sources (i.e I− from the electrolyte) close to
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JSC (mA cm−2) VOC (V) η (%) FF (%)

BOD1 0.56 0.07 0.015 37.84

BOD2 0.58 0.02 0.003 28.49

BOD3 0.42 0.02 0.002 28.84

P1 2.26 0.11 0.080 32.77

Table 4.6: Photovoltaic performance of nickel oxide dye-sensitised solar cells containing BOD1-3, with

an electrolyte containing 0.5 M I2 and 1.0 M LiI in CH3CN. FF is the fill factor; η is the solar conversion

efficiency

Figure 4.18: Photocurrent density-voltage curves for the NiO DSSC with BOD1 (black), BOD2 (red)

and BOD3 (blue) under 1 sun illumination (left) and in the dark (right). Electrolyte: 0.5 M I2 and 1.0

M LiI in CH3CN.

the NiO|Dye interface causes rapid recombination and is shown in the JV measurements

of the p-DSSC in the dark.

The performance of the solar cells with higher concentrations of I2 showed a similar

trend between the JSC and the LHE. The light harvesting efficiencies of the dyes showed

BOD2 > BOD3 > BOD1, and the JSC values for the three p-DSC also show BOD2

> BOD3 > BOD1. The variance between the JSC values for the p-DSC with lower

iodine concentrations is much greater than those with higher concentrations of iodine. It

appears that other factors may dominate the performance of the cell under low electrolyte

concentrations, mainly the regeneration of the dye by the redox electrolyte and the charge

injection from the valence band of the NiO to the excited dye. As VOC is proportional to
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Figure 4.19: Photocurrent density-voltage curves for the NiO DSSC with BOD1 (black), BOD2 (red)

and BOD3 (blue) in the dark with two different electrolyte compositions. (0.1 M I2, 1.0 M LiI (dashed)

0.5 M I2, 1.0 M LiI (solid)

carrier concentration, an increase in charge injection should lead to a higher VOC meaning

an increase in current should also lead to an increase in the VOC of the DSSC. For all three

dyes, there is an increase in the dark current for the devices with higher concentrations

of triiodide, with more recombination at the electrolyte/electrode interface.

4.6 Conclusions

In this chapter, the optical and electrochemical properties have been reported for BOD1-

3. Despite an extended π-system BOD2 did not exhibit a significant bathochromic shift,

however BOD3 achieved absorbance into the red region of the visible spectrum. This shift

should reduce the the spectral overlap of BOD3 with many dyes used in n-type systems,

achieving one of the main goals put forward for an ideal p-type dye. All three dyes showed

reversible reduction in a three electrode cyclic voltammetry setup. By pairing these

two spectroscopic techniques, the driving forces for injection and regeneration have been

estimated and shown that for all three dyes there is significant driving force for injection
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to promote charge transfer in a p-type DSSC. The structures of dyes BOD2 and BOD3

allow for further tuning via the unsubstituted β-positions on the BODIPY core, as well as

the investigations of how changing the functional groups on the α-aryl groups could affect

solar cell performance. By diversifying the dye series, the solubility issues present in both

dyes could be overcome, allowing for higher yielding synthetic pathways and fine-tuning

of the frontier orbitals. Although a moderate performance was seen for all three dyes

there appears to be significant limitations on the JSC at both high and low concentration

of electrolyte. By reducing the concentration of I2 in the electrolyte it appears that poor

regeneration of the dye is a key factor in the limited JSC for the dye series. In order to

understand how the electron transfer processes occur in the device, a kinetic study of the

dyes on NiO must be conducted to observe the recombination pathways in the p-DSSC.

These findings should reinforce design of future dyes for p-DSSC.
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Part III

Probing the dye-semiconductor

interface in p-type DSSC
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Chapter 5

Probing dye-NiO interfaces using

X-Ray Photoelectron Spectroscopy

5.1 Aims

Studying the dye-semiconductor interface in a DSSC is an important method of under-

standing the relative orbtial energies and orbital overlap present in an electron transfer

pathway. Using X-ray photoelectron spectroscopy (PES) at varied X-ray excitation ener-

gies, it is possible to probe the same sample at various depths to understand how adsorp-

tion of a dye effects the bulk semiconductor material alongside the interface between the

two materials. In this chapter a study of three BODIPY dyes (BOD1-3) has been con-

ducted to assess their suitability for use in a p-DSSC. In previous chapters, information

about the dye (HOMO/LUMO energies) have been estimated in solution. In this chapter

the three dyes were studied in an environment that is closer to that of a working p-DSSC.

The core orbitals of the dye molecule have been investigated and structural changes in

the dye were observed at two different X-ray excitation energies. The changes in binding

energy for these orbitals have been related to the structural changes seen in BOD1-3.

The core levels for the NiO semiconductor have also been studied and a comparison of

the unsensitized and senzitised semiconductor has been discussed. Finally the valence

orbitals for the NiO semiconductor have been measured and compared to the HOMO of
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the dye to reassess key driving fores in the p-DSSC.

5.2 Experimental Methods

5.2.1 Photoelectron Spectroscopy

Photoelectron Spectroscopy (PES) is a characterization technique used for surface charac-

terization of materials. The technique is based on the photoelectron effect which was first

experimentally reported by Hertz in 1887 which describes the emission of electrons from

a material when irradiated with photons of a certain energy. The photoelectric emission

process is described in Equation 5.1, where hv is the photon energy, EB is the binding

energy, and EX is the kinetic energy of the released electrons.

hv = EB + EX (5.1)

In metals, the binding energy is referred to as the Fermi Level and therefore, in the case

of sufficiently conducting materials, a new term ψ is introduced to describe the work

function, here defined as the minimum energy required to remove an electron from a

metal to a point immediately outside the solid surface to the vacuum surrounding the

sample (Equation 5.2).

hv = EB + EX + ψ (5.2)

In photoelectron spectroscopy the sample is irradiated with high energy photons and

the kinetic energy of the emitted electrons are measured, then the binding energy of the

electron can be calculated using Equations 5.1 and 5.2. By using a monochromatic source

of photons at a set photon energy, a PES spectrum can be obtained.

Each element in a compound has a specific well defined binding energy, spread out over

a wide range. Element specific binding energies can be measured and information about

compound can be obtained by investigation over a small range of binding energies and

analysing the changes in the peak positions of one element. Measurements on the valence
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band and Fermi level of a compound can be more complex and are composed of the bond

forming electrons in a compound. They generally present as the lowest binding energy

and form complex band structures from multiple atoms in a sample.

Using PES, important information can be obtained about the energy level alignment be-

tween the dyes and semiconductor in DSSC. As discussed previously, good orbital overlap

between the frontier orbitals (HOMO or LUMO) and the semiconductor is required for

efficient electron injection following photo-excitation processes in the DSSC. By mapping

energy levels found in a DSSC these transfer processes can be understood and optimized.

Previous studies show that atoms in specific chemical states can be resolved in the core

level spectra, acting as indicators for charge redistribution in the chromophore.1 Hahlin

reported dyes D9L2A1, D5A2L1 and D5L2A3 with two nonequivalent nitrogen atoms,

found in the donor (N1sD) and the acceptor (N1sA). Both can be assigned to a core level

peak in the PE spectrum and binding geometry can be obtained by the inspection of

the changes in intensity at different probe wavelengths.1 Srinivas also presented a study

relating the DOS at the TiO2 band edges with the electron withdrawing properties of

cyanoacrylic and malonic acid anchor groups in TiO2 based DSSC and approximates

binding energy changes with various simulated adsorption configurations.2 Other reports

of structural ordering on multilayer films and on a TiO2 surface come from O’Shea who

has published multiple studies on the spatial distribution of molecules on a surface and

the relationship at the interface between adsorbant and surface.3 Rensmo utilized the X-

ray PES to study semiconductor senzitized solar cells and valence band overlap between

various metal sulfides, TiO2 and some common polymers used for hole transport in these

devices.4
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Figure 5.1: Molecular structures of D9L2A1, D5L2A1 and D5L2A3. The molecules are built up by three

units, the donor unit (diphenylamine moiety), the linker group (thiophene moiety) andthe anchor unit

(cyanoacetic moiety for D9L2A1 and D5L2A1 and rhodanine moiety for D5L2A3).

X-ray PES is routinely used to characterise the dye-semiconductor interface is n-type

TiO2 based devices, however studies involving p-type NiO are less common. Recently,

Poldme reports studies of photocatalyst degradation on NiO films for a series of platinum

and palladium catalysts, tracking the effects of the catalytic activity on the core levels of

both the catalyst and the NiO semiconductor.5 Previously, the energy levels for BOD1,

BOD2 and BOD3 have been estimated in isolation (by electrochemistry and UV-Visible

spectroscopy in solution), however to fully understand the alignment of the components

in a DSSC it is important to study the dye when adsorbed onto the semiconductor and

detail any changes in the core level or valence band to gain insight on any interactions

post dye adsorption.
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5.2.2 Experimental Details

All samples were run on the Diamond Lightsource IO9 Beamline. Mesoporous samples

of NiO were mounted onto a Fluorine-doped Tin Oxide (FTO) substrate. These sam-

ples were either measured directly or sensitized with the three dyes BOD1, BOD2 and

BOD3. Reference samples were prepared by immersing cleaned FTO glass into the dye

solution to create multilayers of the dye to investigate the core levels of the dyes in ab-

sence of the semiconductor. The samples were attached to the sample holder with carbon

tape to ensure electrical connection between the sample plate and the FTO substrate.

Energy calibration was carried out by measuring the Au4f or Fermi level (84.00 eV and

0.00 eV respectively). All samples were measured under various X-ray excitation energies

to probe the sample at different depths and chemical sensitivities. Core level measure-

ments were carried out at 830, 835 or 2200 eV. Valence band spectra were measured with

photon energies of 2200 eV, 830 eV, 250 eV or 120 eV. The undulator gap was detuned

during measurements in order to reduce the X-ray intensity and prevent sample damage.

The PES spectra were evaluated using Igor Pro 8.1 and all fits were performed with a

Gaussian/Lorentzian profile with a ratio of 70% to 30%.

5.3 Results

5.3.1 Core Level Analysis

The electronic and molecular properties of dyes BOD1, BOD2 and BOD3 were studied

using photoelectron spectroscopy. The peaks were assigned using the NIST database and

the Handbook of XPS.6 The N1s, O1s, F1s and B1s core level energies for the dye samples

on FTO are summarised in Table 5.1.

The XPS results reflect the difference in coordination centre for the three dyes, with the

sp3 hybridized boron centre in BOD3 bound to two nitrogen atoms and two oxygen atoms,

whereas BOD1 and BOD2 both contain boron bound to two nitrogen and two fluorine

atoms.
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Figure 5.2: The Cl2p and B1s (left) and F1s (right) core level energies for BOD1-3 dye multilayer samples

on FTO measured with a photon energy of 835 eV. The spectra were normalised to the Sn3d peak and

calibrated against an external Au reference.
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Core Level BOD1/ eV BOD2/ eV BOD3/ eV

N1s 400.10 399.85 400.07

O1s C=O (CO2H) 531.95 531.85 531.77

O1s OH 532.98 532.94 532.59

O1s NBO - - 533.92

O1s SnO2 530.95 530.94 530.92

F1s 686.18 686.14 -

B1s 193.01 193.10 192.15

Table 5.1: Measured core level binding energies for dyes BOD1, BOD2 and BOD3 - B1s and F1s core

level spectra were measured at 835 eV X-ray excitation energy, N1s, and O1s core level spectra were

measured at 2200 eV X-ray excitation energy.

The B1s core level binding energies (Fig 5.2, left) show significant shifts in binding energy

for BOD3 (192.15 eV) when compared to BOD1 and BOD2 (193.01 and 193.10 eV respec-

tively) consistent with the change in bonding environment for BOD3. This is a promising

result as previous attempts by groups to detect the B1s core level of BODIPY dyes have

been unsuccessful due to the low sensitivity of the peak.7

The F1s spectra of the three dyes also reflect the difference in structure (Fig 5.2, right).

The F1s core levels are present at similar binding energies (686.18, 686.14 eV) in both the

BOD1 and BOD2 spectra, and are absent in the spectra of BOD3, which is consistent

with the displacement of the fluorine atoms by the phenolic groups of BOD3. All three

BODIPY dyes contain two equivalent nitrogen atoms which appear as one peak in the

N1s core level spectrum (Figure 5.3, left). This peak is not affected by the coordination

environment of the boron and is, instead, present at similar binding energies throughout

the series. This is in agreement with the literature values of N1s core level binding energies

for BODIPY dyes.7

The O1s spectra for the Dye|FTO samples (Fig 5.4, left) show three core level environ-

ments for dyes BOD1 and BOD2, which are assigned to the SnO2 (ca. 530.95 eV8), and

the two inequivalent oxygen environments found in the carboxyl anchor group (O1s(C=O)

and O1s(−OH )). Typically the hydroxyl group presents at higher binding energies than the
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Figure 5.3: The N1s (left) and C1s (right) core level energies for BOD1-3 dye multilayer samples on FTO

measured with a photon energy of 2200 eV. The spectra were normalised to the Sn3d peak and calibrated

against an external Au reference.
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carbonyl oxygen so the peaks can be fully assigned.9 The remaining core level peak can

be assigned to SnO2. These three features are also present in the O1s spectra of BOD3,

together with an additional O1s environment in the NNBOO tetrahedral B-coordination

centre of the chromophore. In the spectra for the dye-sensitized NiO samples (Fig. 5.4,

right), the NiO substrate O1s peak can be observed at lower binding energies than the

SnO2 peak. Consistent with the Dye|FTO spectra, the carboxylic acid O1s peaks are

present at higher binding energies, however detailed analysis of the O1s spectra origi-

nating from the carboxylic acid groups is difficult, as the ex-situ preaparations also may

introduce small amount of surface contamination, such as water or ethanol. Due to the

resulting complexity of the spectra, the binding geometry and orientation for this dye

series cannot be shown by these experiments.

FTO /eV NiO /eV ∆BE /eV

BOD1

O1s SnO2 530.95 530.71 0.24

O1s NiO - 529.24 -

O1s C=O 531.95 531.39 0.56

O1s -OH 532.98 532.41 0.57

BOD2

O1s SnO2 530.94 530.66 0.26

O1s NiO - 529.28 -

O1s C=O 531.87 531.21 0.66

O1s -OH 532.94 531.96 0.02

BOD3

O1s SnO2 530.92 530.76 0.16

O1s NiO - 529.30 -

O1s C=O 531.77 531.44 0.33

O1s -OH 532.59 532.30 0.29

O1s -NBO 533.60 533.33 0.27

Table 5.2: Comparison of the O1s core level binding energies of dyes BOD1-3 adsorbed onto FTO or NiO

measured with 2200eV X-ray excitation energy. The spectra were normalised to the Sn4d (FTO) or Ni2p

(NiO) and calibrated against an external Au reference.
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The C1s core level spectra (Fig 5.3, right) show multiple carbon environments in the dye

multilayer which persist when bonded to NiO as well as when deposited on FTO. This

is consistent with the dye being adsorbed onto the NiO surface. A carbon atom bound

to a carboxyl (C=O) rather than another carbon atom (C-C) experiences an increase of

binding energy of ca. 4.5 eV.10 Johanssen shows similar findings in a study of simple

carboxylic acids on a variety of metal oxide substrates.11 However detailed analysis of

the carbon environments when adsorbed onto the substrate is difficult as the dye may

be present in different configurations on the surface in addition to contamination during

preparations of the sample leave surface residues which overlap with the C1s peaks arising

from the dye multilayer.

X-ray photoelectron spectroscopy measurements were also carried out to study the effects

of adsorption of the dye onto the core and valence orbitals of the NiO substrate. The NiO

spectra for the blank and sensitized spectra can be seen in Figure 5.5.

There was no significant changes in the peak shape or peak ratios between the blank and

sensitized NiO samples, indicating there were no substantial changes to the NiO upon

adsorption of the dye. The unsensitized NiO thin film shows typical peaks seen for a

nanocrystaline film. The Ni3+ and Ni2+ (1 and 2, Fig 5.5, top) mixed valence signals

resulting from the annealing process can be seen at lower binding energies, as well as

the corresponding satellite peaks (3).12,13 Previous reports show the presence of Ni(0)

metal in samples from incomplete oxidation of the Ni(0) metal during the annealing of

the NiO films, however, this is not present at lower binding energies in these samples.14

A comparison of the three dye sensitized NiO films to the blank NiO shows identical

features for all 4 samples, indicating no significant changes to the Ni2p orbitals post dye

adsorption (Fig. 5.5, bottom).

5.3.2 Valence Band Analysis - FTO

This section outlines overviews of the valence band spectra of the dye samples on FTO

and adsorbed onto a NiO film. Expansions to the valence band and calculated values for
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Figure 5.4: The O1s core level energies for BOD1-3 samples on FTO (left) and absorbed onto NiO (right)

measured with a photon energy of 835 eV. The spectra were normalised to the Sn4d peak and calibrated

against an external Au reference.
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Figure 5.5: The Ni2p core level energies for the blank reference NiO sample (top) and dye-sensitized

samples (bottom). Peak assignments - (1) - Ni2+ 2p(3/2); (2) - Ni3+ 2p(3/2); (3) - Ni2+/3+ 2p(3/2)

satellite; (4) - Ni 2p(1/2); (5) - Ni 2p(1/2) satellite - ; The spectra were normalised to the Sn3d peak and

calibrated against an external Au reference.
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the Fermi level will be discussed in Section 5.3.4.

The valence photoelectron spectra for the dye multilayers on FTO, and the dye adsorbed

onto a NiO thin film can be used to experimentally probe the character of the highest

occupied energy states in the system. The valence spectra of FTO and the dye multilayers

were probed using three different X-ray excitation energies to gather information about

the bulk semiconductor materials and the interface between the dye and semiconductor.

Fig. 5.6 shows the valence photoelectron spectra for the FTO reference sample and the

three dyes deposited on FTO at 2200 eV X-ray excitation energy. The major contribution

to this spectra is the Sn4d peak (1) at 26.4 eV originating from the SnO2 coating of

the glass substrate. (Literature value Sn4d = 26.8 eV15 The valence spectra for all four

samples show identical features at this X-ray excitation energy, with the VB edge (2)

clearly visible at 3 eV. Filled band gap states (3) can be observed at binding energies

lower than the VB edge arising from the n-doping present in the FTO.

Inspection of the valence photoelectron spectra of the same samples at 250 eV (Figure

5.7) shows peaks in the spectra of the dye multilayers that are not present in the blank

FTO reference sample, indicating that these features are contributions from the dyes in

the valence spectra. (4, 5). The Sn4d orbital ( appears at the same binding energy as

the spectra under higher X-ray intensity, however the ratio between the Sn4d and valence

orbitals decreases. The HOMO of the dye is difficult to see and is masked by the VB edge

- the VB edge also becomes less defined at this X-ray excitation energy in comparison to

the higher excitation energy spectra.

The valence photoelectron spectra of the dyes on FTO at 120 eV X-ray excitation energy

(Figure 5.8) penetrates least far into the sample, causing a larger contribution from the

dye orbitals compared to the FTO. The peaks previously seen fron the 250 eV X-ray

excitation spectra of the valence band region persist to this X-ray excitation energy and

the ratio of the Sn4d peak vs. the VB edge of FTO further decreases, confirming that

these spectra are probing closer to the interface between the dye and the semiconductor

than previously. The HOMO of the dye is largely masked by the FTO VB edge, however
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Figure 5.6: The valence levels of the FTO/BOD1, FTO/BOD2, FTO/BOD3 and FTO/BLANK reference

samples measured with a photon energy of 2200 eV. (top) Expansion of the lower valence region 0-12 eV

(bottom) of the four samples. The spectra were normalised to the Sn4d peak and calibrated against an

external Au reference.
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Figure 5.7: The valence levels of the FTO/BOD1, FTO/BOD2, FTO/BOD3 and FTO/BLANK reference

samples measured with a photon energy of 250 eV. The spectra were normalised to the Sn4d peak and

calibrated against an external Au reference.

Figure 5.8: The valence levels of the FTO/BOD1, FTO/BOD2, FTO/BOD3 and FTO/BLANK reference

samples measured with a photon energy of 120 eV. The spectra were normalised to the Sn4d peak and

calibrated against an external Au reference.
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Figure 5.9: Expansion of the lower valence region -1 - 4 eV of the BOD1-3 multilayers on FTO with the

blank reference sample measured with a photon energy of 120 eV. The spectra were normalised to the

Sn4d peak and calibrated against an external Au reference.

a small signal extending past the VB edge can be seen at lower binding energies (Fig.

5.9). The energy level of the HOMO of BOD1, BOD2 and BOD3 have been calculated

and discussed in Section 5.3.4.

5.3.3 Valence Band Analysis - NiO

The dye-sensitized NiO valence photoelectron spectra at 2200 eV X-ray excitation energy

(Figure 5.10) have similar features, and the major contributions are the FTO substrate

and the VB and Ni3p orbital of NiO.

As the dyes bind there are no significant changes to the NiO bulk material under these

experimental conditions. The Sn4d peak is present for all samples except for BOD2,

suggesting that the film thickness for the NiO may have been greater for the area probed

in the BOD2-coated sample compared to the area probed in the other samples. As the

X-rays did not penetrate far enough into the sample to the FTO substrate below the Sn4d

peak cannot be seen in this spectrum. Another possible explanation could be the area of

the film irradiated for the reference sample, BOD1 and BOD3 samples may contain crack

130



Figure 5.10: The valence levels of the NiO/BOD1, NiO/BOD2, NiO/BOD3 and NiO/BLANK reference

samples measured with a photon energy of 2200 eV. The spectra were normalised to the Ni3p peak and

calibrated against an external Au reference.

or imperfections in the NiO film, exposing the FTO below.

The valence photoelectron spectra for the dyes and the blank reference samples at 250

eV X-ray excitation energy (Figure 5.11) have largely the same features, with the main

contribution coming from the Ni3p orbital, with some peaks originating from the dye

being present in the spectra. The Sn4d orbital is no longer present at this X-ray energy

due to the NiO film being deposited over the surface of the substrate. The peaks which

have been assigned as contributions of the dye appear at similar binding energies to those

seen for the dye samples on FTO. Dye adsorption onto a semiconductor is routinely

modelled using a Langmuir isotherm, which assumes a monolayer of adsorbent onto the

solid surface.16,17 Contributions from the dye monolayer can still be seen on the valence

spectra of the dyes adsorbed onto NiO, however the signals are much less defined due to

the low amount of dye present in the sample when compared to the dye multilayers on

FTO. All four sample show very similar features close to the VB edge, however a shift in

the valence band position can be seen towards a more positive binding energy can be seen

for all three of the dyed NiO films. (Fig 5.11.). The changes to the valence band upon
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Figure 5.11: The valence levels of the NiO/BOD1, NiO/BOD2, NiO/BOD3 and NiO/BLANK reference

samples measured with a photon energy of 250 eV. The spectra were normalised to the Ni3p peak and

calibrated against an external Au reference.

dye adsorption are compared and discussed later.

The contributions from the dyes on the valence photoelectron spectra can be seen most

clearly at 120 eV X-ray excitation energy (Figure 5.12), as the dye monolayer is found

mostly on the surface of the semiconductor film, although as the annealing process forms

a mesoporous later of NiO, some dye sits inside the pores of the sample and hence can be

seen deeper into the sample.,1819 The NiO VB can clearly be seen alongside contributions

from the dye frontier orbitals. The HOMOs of the three dyes are fully masked by the NiO

VB, indicating the frontier orbitals lie well within the valence band and are positioned well

for electron injection from the VB of the semiconductor in a functioning p-type DSSC.

(Fig. 1.12). As before the VB edge shows a shift to higher binding energies for all three

samples upon dye adsorption (Figure 5.14).
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Figure 5.12: The valence levels of the NiO/BOD1, NiO/BOD2, NiO/BOD3 and NiO/BLANK reference

samples measured with a photon energy of 120 eV. The spectra were normalised to the Ni3p peak and

calibrated against an external Au reference.

5.3.4 Mapping Energy Levels in p-type DSSC

Dye HOMO Calculations

The positions for the HOMOs for the three dyes were taken from the valence PES spectra

at 120 eV X-ray excitation energy. Although the valence PES spectra contain multiple

features arising from contributions to the dye close to the VB edge, the calculations are

taken from the binding energy region 0-4 eV. An expansion of the outermost occupied

energy region for all three dyes alongside the blank NiO reference sample is shown in

Figure 5.15. In this region the HOMO can be seen protruding past the VB edge for the

FTO substrate. Although partially masked, it can be observed that the outermost energy

structure for all three dyes differ in position and shape, a distinct shoulder can be seen

for BOD2 and no such shoulder can be seen for BOD1 and BOD3.
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Figure 5.13: Valence spectra of the different NiO samples (top) measured at 250 eV photon energy.

Expansion of the valence band edge shift (bottom). The spectra were normalised to the Ni3p peak and

calibrated against an external Au reference.
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Figure 5.14: Valence spectra of the different NiO samples (top) measured at 120 eV photon energy.

Expansion of the valence band edge shift (bottom). The spectra were normalised to the Ni3p peak and

calibrated against an external Au reference.
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BOD1/eV BOD2/eV BOD3/eV

HOMO 0.85 1.16 0.73

Table 5.3: Experimentally calculated HOMO binding energies for dyes BOD1-3 measured at 120 eV X-ray

excitation energy.

Figure 5.15: Overlays of the lower binding energy region of the BOD1-3/FTO spectra showing the HOMO

protruding past the FTO VB edge. The spectra were measured at 120 eV, normalised to the Ni3p peak

and calibrated against an external Au reference.

As the HOMO was partially masked by the FTO valence band position, the values were

taken from the onset of the peak corresponding for the HOMO of dyes BOD1-3. The

experimentally calculated positions for the HOMO of BOD1-3 are presented in Table 5.3.

From the difference in binding energy for BOD3 compared to BOD2 (∆BE = 0.43 eV)

confirms an increase in conjugation from the phenolic groups forming the constrained

ring system pushes the HOMO of BOD3 to lower binding energies. The electron donating
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properties of the aliphatic chains of BOD1 also destabilize the HOMO of the molecule,

raising the energy of the HOMO and pushing it to lower binding energy. These results

are in agreement with the solution based studies conducted in Chapter 2 where it was

calculated that the trend in HOMO energies was BOD3«BOD1«BOD2.

EF NiO /eV

250 eV 120 eV

BLANK 0.68 0.28

BOD1 0.71 0.48

BOD2 0.76 0.56

BOD3 0.74 0.56

Table 5.4: Measured Fermi levels for NiO thin film sensitized with BOD1-3 with a blank reference sample

measured with 120 eV and 250 eV X-ray excitation energies.

NiO VB Changes

The VB spectra for the dyed NiO films and the blank reference sample contain similar

features close to the VB edge, however a distinct shift can be observed for the core

level peaks and the valence band with respect to the Fermi level. (Figure 5.13, Figure

5.14). Such shifts in the VB position have been documented previously and is generally

attributed to changes at the dye/semiconductor interface, such as chemical reduction of

high valence Ni states (Ni3+, Ni4+) in the NiO nanoparticle leading to a decrease in

p-type doping.20 Other studies describe shifting of the VB as a result of modifications

to the surface hydroxyl residues and a subsequent change in the work function of the

material. In both cases the shift is defined as a Fermi level shift rather than a VB

potential movement.2122

Adsorption of the dye in all three samples results in a Fermi level shift to higher binding

energies and can be seen at both X-ray excitation energies (120 eV and 250 eV). The

magnitude of these changes is reduced at the higher X-ray excitation energies. A summary

of the changes in binding energies is outlined Table 5.5.
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∆BE vs. BLANK /eV

250 eV 120 eV

BOD1 0.033 0.10

BOD2 0.052 0.17

BOD3 0.077 0.14

Table 5.5: Binding energy difference (∆BE) for the Fermi level of NiO for BOD1-3 adsorbed onto NiO

vs. a blank reference sample, measured at 120 eV and 250 eV X-ray excitation energy.

As previously outlined, the Fermi level of the NiO semiconductor is a key factor in de-

termining the solar cell performance and theoretical maximum efficiency of the device.

Table 5.6 outlines the positions of the Fermi level under the experimental conditions for

the blank reference sample and dyes BOD1-3. As the electron transfer in a DSSC relies

on efficient electron injection from the VB of the semiconductor into the HOMO of the

dye, these shift in Fermi level position will determine how efficiently the electron injection

step occurs.

EF NiO /eV HOMO /eV ∆Ginj /eV

BLANK 0.28 - -

BOD1 0.48 0.85 0.37

BOD2 0.56 1.16 0.60

BOD3 0.56 0.73 0.17

Table 5.6: Measured Fermi levels for NiO, HOMO energies for dyes BOD1-3 and calculated Einj from

valence PES measurements at 120 eV X-ray excitation energy.

A comparison of these results with the solution based studies presented in Chapter 3 shows

the change in driving force for hole injection across the dye series. Although the three

dyes still maintain sufficient driving force for hole injection (∆Ginj is positive, therefore

hole injection is encouraged), none of the dyes contain a driving force for charge injection

close to the postulated optimum proposed by Liu (0.8 V).23 BOD2 was found to have

the highest driving force for hole injection to the semiconductor and was also shown to

perform best in a working p-type DSSC. (Chapter 3.).
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5.4 Conclusions

In summary, these results outline how X-ray Photoelectron Spectroscopy can be used as

a tool to characterise the core level orbitals of organic dyes for DSSC and observe how

structural modifications can be evaluated by inspection of the changes to the core level

spectra. The ∆BE induced by these structural changes can be observed on both the dye

multilayer deposited on FTO and as a monolayer adsorbed onto a NiO thin film. The

Ni2p shows no changes in peak ratio or intensity upon dye adsorption, indicating that no

significant changes to the bulk NiO upon dye adsorption. The film has been shown not to

contain any Ni(0) metal regions as previously described in literature. The HOMO of the

three dyes have been measured and at low X-ray excitation energies, these orbitals can

be seen just below the VB edge for FTO. The VB edge of NiO has been measured and

upon dye adsorption a shift to higher BE has been reported for all three dyes, this change

has been quantified and shows that assembly of the dye monolayer has a significant effect

on the energy overlap at the dye|semiconductor interface. Under the conditions found

in a working p-type NiO DSSC it has been shown that none of the three dyes operate

with the postulated optimum driving force for electron injection (∆Ginj), although all

three dyes possess sufficient driving force for electron injection from the VB of NiO. The

recalculated ∆Ginj reflect the trend in DSSC performance where BOD2 performed best

in a working device and was also shown to have the highest ∆Ginj by XPS. This work

highlights the importance of studying the interface between the dye and semiconductor

under the conditions found in a working device.
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Chapter 6

Probing electron transfer in p-type

DSC

6.1 Aims

The aim of this chapter was to probe the electron transfer pathways for the three dyes when

adsorbed onto p-type NiO. By inspecting the system using ps-resolved transient absorp-

tion spectroscopy and characterising key intermediates in the electron transfer pathway

it is possible to estimate charge separated state lifetimes of the three dyes to understand

the limiting factors to efficiency for the three dyes when fabricated into a p-DSSC. To

understand the system, information regarding some of the transient species found in the

electron transport pathway were observed by spectroelectrochemical techniques. Pairing

this information with ultrafast time-resolved spectroscopy allows for calculation of time

constants associated with key electron transfer processes in a working DSSC.

6.2 Introduction

6.2.1 Kinetics

The kinetics of the electron transfer within a working dye-sensitized solar cell is a complex

pathway of competing productive or recombination processes. The typical lifetimes for
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Figure 6.1: Energy Level diagram for an a) TiO2 and b) NiO based dye-sensitized solar cell showing the

relevant time scales of each process.

these processes are outlined in Fig 3.1 for both TiO2 and NiO based devices.

τ inj typically occurs on a 100 fs - 100 ps timescale in TiO2 based systems, and must be

over an order of magnitude faster than the excited state lifetime of the dye, which occurs

on a ns - ms timescale, for a working device.1–3 The electron transport through the semi-

conductor, τ tr is fast enough to compete with recombination between the semiconductor

and electrolyte at the liquid junction, τ e 1 - 20 ms).4 For TiO2, this constitutes the main

recombination loss mechanism within the device and is in direct competition with regen-

eration of the oxidised dye species.1 For p-type devices, the dye−|NiO+ recombination,

τ rec occurs on an extremely fast time scale (ps - ns) compared to dye+|TiO−
2 (ms) and

competes with regeneration of the reduced dye (τ reg ns - ms).,5

Dye regeneration in p-type systems has been reported from ns - ms timescales, the latter

leading to poorly performing solar cells.6 Engineering of donor-acceptor dye systems has

allowed for charge separated state lifetimes of up to ms to be produced in an attempt

to reduce the effect of the dye|semiconductor recombination in the solar cell.7–9 The fast

charge recombination at the NiO|dye interface may be a result of low hole mobility through

the NiO10 or the presence of electronic vacancies or defects above the valence band edge.

For NiO, charge transport through the semiconductor has been proposed to proceed by
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a "hole-hopping" mechanism, which also is thought to promote semiconductor|electrolyte

recombination. The hole hopping in NiO is thought to originate from "trap states" caused

by the presence of Ni3+ and Ni4+ defects formed in the annealing process.10,11

Fast recombination of the dye|NiO charge-separated state has been highlighted as a ma-

jor limitation on the performance of p-type DSSC.12,13 For a p-type DSSC to operate

efficiently, the DYE|NiO charge-separated state must be generated faster than the re-

combination of the dye excited state and the charge separated state must also be longer

lived than τ reg. Charge recombination is believed to occur over a range of timescales

due to holes present in different states in the semiconductor, some reports reflect this by

assigning multiple lifetimes to this process.5,14,15

6.3 Experimental Methods

6.3.1 Spectroelectrochemistry

The oxidized and reduced forms of dye molecules usually have different optical spectra to

the ground state of the dye molecule. Therefore the formation of intermediate charged

species, such as intramolecular charge separated states and dye semiconductor charge

separated conjugates can be monitored by inspection changes in the UV-Visible spec-

trum during an electrochemical measurement. These electrochemical methods allow for

simulation of the charge separated state in solution which can then aid in assignment

of features in the transient absorption experiments. Spectroelectrochemistry can aid in

assigning faradaic processes within an electrochemical measurement. It can also indicate

the reversibility of an electrochemical reaction and monitor the recovery of ground state

species following electrochemical oxidation or reduction. A spectroelectrochemical exper-

iment involves step-wise potential increase via a chronoampometric waveform (Fig 6.2).

Simultaneously at each potential step a UV-Vis spectrum is recorded. As the ground state

of the analyte is depleted at the working electrode, any transitions associated with the

ground state transitions of the analyte will also be depleted. During the experiment, any

species generated in situ with different optical properties will be observed. As absorbance
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Figure 6.2: An example chronoampometric potential waveform.

(A) is proportional to the concentration of the analyte in solution, at the oxidation or

reduction potential for the analyte, the ground state species at the working electrode will

be consumed and therefore the changes in the UV-Visible spectrum can be attributed to

the oxidized or reduced form of the dye respectively.

6.3.2 Chronoamperometry

Chronoamperometry is an electrochemical technique in which the potential between the

working and counter electrode is varied in a step-wise manner. The current arising from

faradaic processes at the working electrode is recorded as a function of time. Fig 6.2

shows the standard waveform used in a chronoamperometry (CA) experiment, Fig 6.3

shows the response waveform generated from the potential waveform in Fig 6.2.16

At time X (determined by the experimental setup), the voltage is increased by a step

(EX) predefined by the experimental conditions, if this reaches the required voltage for a

faradaic process to begin the analyte at the surface of the electrode undergoes the redox

process. As the analyte is consumed at the surface of the electrode, the current decreases
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Figure 6.3: An example chronoampometric response waveform.

proportionally until the current plateaus.

6.3.3 Transient Absorption Spectroscopy

Measuring lifetimes and extracting kinetic data associated with charge injection and

charge recombination processes can be investigated using flash photolysis or time-resolved

spectroscopy. Time resolved spectroscopy monitors the evolution and decay of transient

species after excitation of a sample with a laser pulse. The transient species then decay

via radiative or non-radiative decay pathways. Briefly, the sample is excited with a pump

beam (typically in the visible region). The excited samples are probed across the visible

spectrum by a broadband pump beam (white light) and spectra are recorded at various

time delays. As previously mentioned the dye|NiO recombination can occur over multiple

timescales, therefore multi exponential decay functions are commonly used to fit multiple

time constants to the decay profiles.7,10,17

In this thesis, the NiO|dye and solution based spectra underwent single point analysis

to extract kinetic information from the time-resolved spectroscopy data. In the case of
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overlapping signals or multiple species present in the sample, global analysis techniques

were employed. Global analysis fits the data to multiple time components, the amplitude

of each component is then plotted against the detection wavelength.18,19

6.4 Results

6.4.1 Spectroelectrochemistry

Spectroelectrochemical studies in the visible region were carried out to characterise the

reduced forms of the dyes for comparison with the transient absorption measurements.

The spectrum of BOD1− was broader and red shifted in comparison to BOD1 (Figure

6.4). It contained additional absorption bands at 400-570 nm and 550-575 nm which grow

in during the experiment.

Figure 6.4: Left: absorbance spectra in the visible region of BOD1 under a negative bias with 0.1 M

TBAClO4 in CH3CN as the supporting electrolyte. Right: absorbance difference spectrum of BOD1

under a negative bias (-1.7 V vs. Fc/Fc+, 600 s)

BOD2− shows a slight blue shift compared to BOD2 in the chronoamperometry experi-

ment (Figure 6.5). A bleach in the main absorption band can be observed, however no

positive absorption signal can be seen. During the experiment an insoluble byproduct

was formed upon application of the cathodic potential.

Electrocatalyzed reactions and dimerisations of BODIPYs have been well characterized
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Figure 6.5: Left: absorbance spectra in the visible region of BOD2 under a negative bias with 0.1 M

TBAClO4 in CH3CN as the supporting electrolyte. Right: absorbance difference spectrum of BOD2

under a negative bias (-1.6 V vs. Fc/Fc+, 600 s)

in literature.20,21 The radical anion produced upon reduction of the chromophore can be

stabilized when the α, β and meso- positions, which are susceptible to electrophillic and

nucleophillic attack are blocked. BOD2 contains two free β-pyrrolic positions and appears

to undergo electrocatalyzed reactions under the experimental conditions.

Figure 6.6: Left: absorbance spectra in the visible region of BOD3 under a negative bias with 0.1 M

TBAClO4 in CH3CN as the supporting electrolyte. Right: absorbance difference spectrum of BOD3

under a negative bias (-1.7 V vs. Fc/Fc+, 600 s)

BOD3 also features a bleach under the experimental conditions - only small absorbance

features can be seen at ca. 500 nm and 690 nm (Figure 6.6). The absence of a significant
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absorbance indicates that BOD3 may also undergo electrocatalyzed reactions at the free

β-pyrrolic positions.

Figure 6.7: Expansion of the spectroelectrochemical trace for BOD3 between 400 - 510 nm.

A small absorbance feature can be seen at 470-500 nm, suggesting that the absorbance of

the reduced dye BOD3− may be similar to BOD1− (Figure 6.7).

6.4.2 Transient Absorption Spectroscopy

As previously outlined, the sample (dye in solution or dye associated to the NiO film)

was excited with a short laser pulse, subsequently the electronic absorption spectrum

was probed using white light at various time delays in order to understand the kinetic

pathways of an electron within the system. The data was analysed using single point

analysis where the change in optical density of the sample at a specific wavelength was

fit to either a single or multi-exponential decay function to interpret the lifetimes of the

processes.

The transient absorption spectra of BOD1, BOD2 and BOD3 in acetonitrile solution and

immobilized on a NiO film are shown in Fig. 6.8, with the lifetimes from single point

analysis given in Table 6.1.

Figure 6.8 shows the fs-TAS measurements of the three dyes in CH3CN (left) and im-

mobilized on a NiO film (right). In solution, BOD1 and BOD3 did not decay within

the timescale of the experiment, consistent with the typical excited state lifetime of the
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BODIPY dye (≈6 ns).22 The exception to this is BOD2 which decays fully within the 1

ns time resolution of the experiment and has a lifetime of 0.5 ns. This is consistent with

the observation in Chapter 2 where this compound was shown to have weaker emission

when compared to the other two dyes.

BOD2 shows a broad ground state bleach (GSB) between 500-600 nm, consistent with

the steady state UV-Visible spectrum (Chapter 2). The GSB is partially masked by the

laser pump pulse which has been removed from the spectrum for clarity. An absorbance

feature can be seen between 400-500 nm which has been assigned to the singlet BODIPY

excited state. Both processes evolve on similar time scales and within the resolution of

the experiment, the excited state lifetime for dye BOD2 is therefore 0.5 ns. Stimulated

emission from the dye is also seen, however the signal decays quickly which is consistent

with the weak fluoresence observed in solution.

Femtosecond transient absorption spectroscopy was also used to investigate the formation

and decay of the dye−|NiO+ charge separated state when the dyes were adsorbed onto a

NiO thin film.
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Figure 6.8: Femtosecond resolution transient absorption spectra of BOD1 (top), BOD2 (middle) and

BOD3 (bottom) at selected time delays. Left - in CH3CN solution, right - adsorbed onto NiO film. (λ

ex: BOD1, BOD2 - 537 nm; BOD3 - 600 nm
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When BOD1, BOD2 and BOD3 were immobilized on NiO the excited species were gener-

ated and decayed within the time resolution of the experiment, indicating a new electron

decay pathway was present.

BOD1 exhibits faster kinetics on film than in solution with the ground state bleach being

recovered within the time frame of the experiment. The ground state bleach was fit to

a mono-exponential decay function τ 485 = 5 ps. Stimulated emission is seen at 625 nm,

arising from the interaction between the laser probe pulse and the excited dye molecule

resulting in the release of a photon. The broad absorption at ca. 400-475 nm has been

assigned to the charge separated state of the dye, where hole injection to the NiO has

occurred and the reduced dye is the transient species appended to the NiO surface. The

charge separated state has a blue-shifted absorption by ca. 10 nm compared to BOD1 in

solution. The charge separated state lifetime was fit to a mono-exponential decay function

τ 435 = 18 ps, indicating a much faster recovery to the ground state on NiO film than in

acetonitrile solution. The spectrum of BOD1 also contains a broad absorption from 620

nm across the rest of the measured spectrum to 700 nm, which is characteristic of holes

in NiO.23

BOD3 displays similar changes in kinetics as BOD1 when imobilized on a NiO film. A

reduction of the lifetime of the slower component of the ground state bleach at 640 nm

(CH3CN: τ 1 = 1.2 ps, τ 2 = 529 ps, τ 3 =∞; NiO|Dye τ 1 = 1.4 ps, τ 2 = 21 ps) is observed

when comparing the recovery of the ground state bleach. A broad absorption feature

attributed to the charge separated state from ca. 400-520 nm is seen composed of two

time components (τ 1 = 4 ps, τ 2 = 51 ps). A broad feature attributed to holes on NiO

can be seen at the lower energy region of the spectra (τ 700 = 1.6 ps). All three processes

evolved within the timescale of the experiment.

BOD2 also exhibits shorter ground state bleach lifetimes on NiO than in acetonitrile

solution (CH3CN: τ 1 = 1.2 ps, τ 2 = 221 ps; NiO|Dye: τ 1 = 0.79 ps, τ 2 = 37 ps). The

absorption at ca. 400-500 nm has been fit to a bi-exponential decay function (τ 1 = 1.2

ps, τ 2 = 417 ps) indicating that the charge separated state lifetime is extremely short.
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Again a broad absorption feature at the lower energy portion of the spectrum indicates

holes present on NiO which also decay on a very short timescale.

Global analysis was used to extract the lifetimes of the main features of the fs-transient

absorption spectra where the species overlap. In solution, the decay-associated spectra

(DAS) of BOD1 (Fig. 6.9, (top)) and BOD3 (Fig. 6.11, (top)) both contain an infinite

component, consistent with the findings from the single point analysis of the TA data.

BOD2 shows two main components in the DAS in acetonitrile. The fast component (1.2

ps) is assigned to thermalization of the excited electron from a higher energetic state

than S1. The slower component (278 ps) is assigned to the excited state lifetime, and

is in agreement with the single point analysis. The decay of the excited state for BOD2

appears to be much shorter than that of a typical BODIPY dye, however the pendant

α-phenyl groups are free to rotate, which opens up new non-radiative decay pathways

leading to reduction of the excited state lifetime. When BOD1 is adsorbed onto NiO

(Fig 6.9, middle) the components seen are related to the excited state and stimulated

emission and no new features appear from 1.3 ps to 30 ps. As both stimulated emission

and excited state absorption are seen, the components are both assigned to the excited

state formation. As there are no components seen corresponding to the reduced dye (Fig.

6.4) it is implied that if charge separation occurs between the semiconductor and dye,

recombination of the excited electron back to the ground state is in competition with the

charge separation process. When an iodine electrolyte is introduced to the system (Fig.

6.9, bottom) the components show very different features. At 1.3 ps, the decay associated

spectra (DAS) looks very similar to the features seen in absence of electrolyte. At 36

ps the spectrum has evolved and a new transient absorption feature is seen at 470 nm,

consistent with the absorption profile of the reduced dye seen by spectroelectrochemistry.

A broad signal from 550 nm that extends to the red region of the spectrum is seen which

persists to longer timescales during the experiment is indicative of holes being present on

NiO, affirming that charge separation is taking place between the dye and semiconductor.

At 2120 ps, the holes on NiO are still present and the signal originating from the excited

state has reduced in amplitude. No change in signal at the wavelengths corresponding to

155



stimulated emission is observed at 2120 ps and the feature assigned to the GSB feature

is still present, indicating that the system has not reached the ground state completely.

The DAS for BOD2 (Fig. 6.10, middle) immobilized on NiO shows similar features as

BOD1. At 1.2 ps the features correspond to the formation of the excited state of the dye

however a blue shift in the signal at 14 ps and the evolution of a broad absorption feature

extending to the red region is once again characteristic of hole generation on the NiO,

this feature is still present at 661 ps and demonstrates that BOD2 experiences charge

separation between the dye and semiconductor in the absence of the iodine electrolyte.

When the electrolyte is introduced to the system (Fig. 6.10, bottom) the excited state

component has a lifetime of 1.6 ps, which persists to 34 ps, the latter shoes contributions

from both the excited and charge separated states. At 3430 ps the holes generated on

NiO can still be seen at the red region of the spectrum, and the ground state bleach is not

fully recovered. As with BOD1 these signals live much longer with the electrolyte present

indicating the rate of recombination for the regeneration of the ground state have slowed

down.

BOD3|NiO (Fig. 6.11, middle), shows features consistent with the solution based experi-

ments (Fig. 6.11, top), the excited state formation occurring within 1.7 ps. This feature is

red-shifted at 20 ps, agreeing with the bathochromic shift seen in spectroelectrochemical

measurements, with the absorption of the reduced dye molecule being red-shifted to the

ground state absorption. When compared to BOD1 and BOD2 immobilized on NiO, the

transient species last much longer for BOD3, by 1603 ps the features have reduced in

intensity but the ground state is not fully recovered. When the electrolyte is added to the

system, BOD3 does not fully recover to the ground state within the time resolution of the

experiment indicating that, similarly to the other dyes in the series, when the electrolyte

is present the lifetime of the reduced dye increases.
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Figure 6.9: Global analysis decay associated spectra of transient absorbance spectra of BOD1 in acetoni-

trile (top), on NiO with a LiTFSI in acetonitrile (middle), on NiO with an iodine electrolyte (bottom)
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Figure 6.10: Global analysis decay associated spectra of transient absorbance spectra of BOD2 in ace-

tonitrile (top), on NiO with a LiTFSI in acetonitrile (middle), on NiO with an iodine electrolyte (bottom)
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Figure 6.11: Global analysis decay associated spectra of transient absorbance spectra of BOD3 in ace-

tonitrile (top), on NiO with a LiTFSI in acetonitrile (middle), on NiO with an iodine electrolyte (bottom)
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6.4.3 Conclusions

For all three dyes, charge injection (τinj) occurs on similar timescales (1.2 - 5 ps) each

being more than an order of magnitude faster than the excited state lifetime for the three

dyes. In Chapter 4, it was shown that all three dyes have sufficient driving force for

electron injection from the valence band of NiO to the HOMO of the dye, the findings

from the transient absorption data reflect this indicating that the charge injection process

is favourable for all three dyes. The calculated driving forces for charge injection from

XPS (Table 4.5) are lower than the optimum proposed by Liu et.al.24 Inspection of the

DAS indicates that the initial charge separation process is very fast and may not require

a large driving force, however in absence of electrolyte the recombination is also very fast

and the reduced dye is immediately quenched. It appears that the larger overpotential

quoted by Liu may be required to form sufficient reduced dye molecules on the surface of

NiO to compete with the recombination of the reduced dye.

Interestingly, the lifetime of the reduced dye appears to increase in the presence of the

redox electrolyte. It is expected that the lifetime of the reduced dye would be quenched

restoring the ground state and reducing the electrolyte. Previous work has shown that in-

teractions at the electrode/electrolyte interface catalyze the oxidation of iodide to triiodide

and causing a reduction at the surface of the NiO electrode. Dini reports characterization

of the density of states (DOS) of NiO thin films and attributes their findings to presence

of high valence states (Ni2+, Ni3+, Ni4+).25 Gibson et. al. demonstrated this catalytic

behaviour; when immersed in a solution of LiI, the NiO showed catalytic properties in

forming triiodide in situ and postulated the surface defects in the NiO acting as catalytic

sites for this oxidation reaction and reducing Ni3+ residues. The addition of iodide to

a NiO film results in formation of triiodide and a reduction at the surface of NiO. The

suggested pathway for this reaction is described in equations 6.1-6.3.26

I− + S = I(S) + e− (6.1)

I(S) + I− = I2 + S + e− (6.2)

160



Figure 6.12: A qualitative schematization of the VB edge of NiO in a p-DSSC; a) without iodine elec-

trolyte; b) with iodine electrolyte demonstrating the suggested recombination pathways leading to an

increased reduced dye lifetime.

I2 + I− = I−3 (6.3)

This is in agreement with other studies on the surface of a NiO thin film, Haining et.

al describe reduction of surface states of NiO, using sodium borahydride as a chemical

reductant.10 By doing so, not only can it be observed that a change to the Fermi level of the

material occurs upon reduction of the surface, it provides insight into other recombination

pathways inside a p-DSSC.

We suggest here that due to the iodide reducing the surface states on NiO, this could

compete with the recombination of the reduced dye and the electrolyte. As the density

of the surface states causing recombination is reduced by the interactions with the elec-

trolyte, the rate of recombination is slower. On this basis, the increase in the lifetime of

the reduced dye can be rationalised, the I−3 in the electrolyte that is available to recombine

with the reduced dye is converted to triiodide at the electrode/electrolyte interface, which

is presented as an increase in the lifetime of the reduced dye in the fs-TA measurements.

NiO typically has a positively charged surface which is compensated by a layer of hydroxyl
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residues at the surface, therefore it has been suggested that I− could be adsorbed onto

NiO more easily than TiO2 therefore these recombination pathways are not seen in n-type

DSSC.27,28

BOD2 was the only dye of the series to decay on the time scale of the instrument, in-

dicating that the regeneration of the dye was the most efficient for this system. This is

in agreement with the solar cell results where it was shown that, under low electrolyte

concentrations where dye regeneration is expected to be the limited by the triiodide con-

centration, BOD2 generated a photocurrent more than double those of BOD3 and four

times that of BOD1,
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Final Remarks
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The work presented in this thesis outlines a multidisciplinary approach to inspection of the

charge transfer mechanisms at the dye-semiconductor interface in a p-type dye sensitized

solar cell. Three small molecule BODIPY dyes have been synthesized and characterized

by many common photophysical and electrochemical spectroscopic techniques. These

values were then compared to newer experimental techniques designed to characterise

the p-type photocathode directly at the interface where the charge transfer processes

occur. Combining these techniques with a kinetic study of the lifetimes of the charge

transfer processes occuring on the photocathode results in a relative energy map of the

photocathode under working conditions along with lifetimes for the associated charge

transfer processes.

A series of small molecule BODIPY dyes (BOD1-3) were synthesized to shift the frontier

orbitals of the organic dyes to study the effects of fine tuning the energy levels in a p-type

photocathode. (Chapter 2 - 4). Utilizing a wide range of chemistry, functionalized hete-

rocycles were synthesized to differentiate the final dyes and applied to common synthetic

conditions to form the BODIPY chromophore. The effects of these changes were evalu-

ated by photophysical and electrochemical techniques commonly used for investigations

of dyes in the field of DSSC. (Chapter 4). All three dyes showed potential for use in a

p-DSSC, reversible electrochemistry in solution, high extinction coefficients and suitably

placed frontier orbitals to promote hole injection into NiO from the dye and regeneration

by the iodine electrolyte. Of the three dyes (BOD1-3) BOD3 absorbed furthest towards

the red region of the visible spectrum (λmax= 625 nm) and the calculated driving force for

electron injection (∆Ginj = -0.76 V was closest to that of the "optimum" value reported

in literature for dyes for p-DSSC. Despite the promising values, the solar cell performance

of BOD3 was worse than BOD2 with both electrolyte compositions. The JSC values ap-

peared to be limited by the dye regeneration in a system with low concentrations of iodide

in the electrolyte. BOD2 was least affected by the reduction of iodine in the electrolyte

composition indicating that the regeneration of BOD2 in the p-DSSC was most efficient

out of the three dyes.

The work in Chapter 5 uses X-ray PES to create a map of the energy levels in a vaccum
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to assess the driving forces for electron transfer in a system closer to that of a working

p-DSSC device. Previously the energy levels were approximated in solution based exper-

iments; by studying the dye adsorbed onto NiO it was possible to discern any changes

in the energy levels upon dye binding. The core level orbitals were examined and the

structural changes in the dye can be seen and quantified in the XPS spectra of the dye

multilayers on FTO. The lower valence band region of the photocathodes were measured

at variable X-ray intensity to inspect the sample at differing probe depths and monitor

changes in the spectral features in the bulk semiconductor material and towards the dye-

semiconductor interface. At low X-ray excitation energies, the HOMO of the dyes can be

seen at binding energies lower than that of the FTO substrate and the binding energies

for the HOMO orbitals for all three dyes can be measured directly. Applying the same

variable depth X-ray PES technique to the sensitized photocathode showed that further

into the sample, dye binding does not have a significant effect on the Fermi position of

the NiO but, closer to the interface, dye adsorption shifts the Fermi position to higher

binding energies. The shift in Fermi level impacts the driving forces for electron transfer

within the device and it was shown that when the dyes BOD1-3 are adsorbed onto the

semiconductor, none of the three dyes maintained ∆Ginj values close to the postulated

optimum values from literature. The recalculated values show BOD2 to have the highest

driving force (∆Ginj = 0.60 eV). This result aligns with the results from the solar cell

testing where BOD2 was shown to be the most efficient dye from the series in a p-DSSC.

In Chapter 6, fs-TAS was used to investigate the kinetics of the electron transfer processes

in the p-DSSC and characterise the transient species produced following photoexcitation

of the dye. Single point analysis of the TA data show that for all three dyes, charge

injection (τinj) occurs on a similar timescale for all three dyes, and happens more than

an order of magnitude faster than the excited state lifetime. Global anaysis of the data

indicated that the inital charge separation process was fast, however in the absence of

the redox electrolyte the recombination of charges in the dye and semiconductor is also

very fast. Addition of the redox electrolye increased the lifetime of the reduced dyes on

the semiconductor. These findings give insight into interactions between the electrolyte
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and the semiconductor surface and align with previous reports of catalytic activity of

NiO towards the conversion of iodide to triiodide. We postulate that interactions of

the electrolyte with higher energy states close to the valence band cause deactivation of

possible recombination pathways between the reduced dye and NiO and is expressed as

an increase in the lifetime of the reduced dye.

The field of p-type DSSC still has some way to go to achieve efficiencies matching the

n-type DSSC counterparts. The studies in this thesis should provide some guidelines on

designing new dyes for p-DSSC. We suggest the next step to improve this dye series would

be introduction of a dyad system to promote spatial separation of the dye. Commonly

in dyes for p-DSSC this has been carried out using a TPA donor however multiple other

donor-acceptor systems without TPA are published in literature.

The solar cell studies and subsequent kinetic studies highlight issues relating to using an

iodide/triiodide electrolyte in DSSC. Other electrolytes have found success in emerging

p-DSSC systems such as cobalt (II/III) and iron (II/III), however these electrolytes and

the devices seem dependant on dye structure and as such the best electrolyte for p-DSSC

is still undefined.

As the trend in research into p-DSSC moves towards looking for new p-type semicon-

ducting materials to increase the performance of the devices, XPS can prove a valuable

tool to investigate dye-semiconductor interfaces to understand the fine interactions that

occur upon binding of a dye to a semiconductor. Studying the effects on the valence

band position is crucial in order to create an efficient photocathode out of new p-type

semiconductors.

Choosing a more suitable chromophore should enable studies to elucidate binding geome-

tries of dye monolayers on semiconductor surfaces.

To conclude, this thesis has presented a study of small molecule BODIPY sensitizers for

use in p-DSSC. We hope that the methods utilized in this thesis should help advance the

field of p-DSSC and serve as guidelines on how to effectively study the interfaces found

in these devices.
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Appendix A

Appendix

A.1 Publications From The Author Not Included In

This Thesis

As part of a GCRF grant, collaboration with the Indian Institute of Technology Hy-

derabad (IITH), new photocathode materials from Newcastle University were tested in

a tandem pn-Quantum Dot Solar Cell alongside TiO2 based photoanodes fabricated at

IITH. The fabricated solar cells showed impressive PCE (7.99%) and exhibited photoelec-

trochromic properties under illumination.
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