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“We must not forget that when radium was
discovered no one knew that it would prove
useful in hospitals. The work was one of pure
science. And this is a proof that scientific work
must not be considered from the point of view
of the direct usefulness of it. It must be done for
itself, for the beauty of science, and then there
is always the chance that a scientific discovery
may become like the radium a benefit for

mankind. ”

— Marie Curie
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Abbreviations and Symbols

J Joule

K Kelvin

HOMO Highest Occupied Molecular Orbital

LUMO Lowest Unoccupied Molecular Orbital

CB Conduction Band

WE, we Working-Electrode

CE, ce Counter-Electrode

ull Photocurrent efficiency

Nabs Absorbed photons

Ndiss Hole-electron pairs dissociated

Ne Charge collection efficiency

€ Molar extinction coefficient

Jse Short-circuit photocurrent

Ve Open-circuit voltage

FF Fill Factor

Pin Power of incident light

IPCE Incident Photon to Current Efficiency

A Wavelength

LHE Light Harvesting Efficiency

APCE Absorbed Photon to Current Efficiency

Diy Electron injection efficiency

Ly Electrode thickness

C Concentration

NIR Near-Infrared

ICT Intramolecular Charge Transfer

MLCT Metal to Ligand Charge Transfer

LMCT Ligand to Metal Charge Transfer

t-BuOK Potassium tert-butoxide

Pd(dppf)Cl,  1,1’-Bis(diphenylphosphino)ferrocene palladium(l)
dichloride

Py Pyridine

THF Tetrahydrofuran



DMF
MeOH
PhMe
NBS
TBA(PFe)
PTSA
P(OEt);
CVv
CDCA
GuSCN
n-BuLi
NaDS
EDOT

N-N-dimethylformamide
Metanol

Toluene
N-Bromosuccinimide
Tetrabutylammonium hexafluorophosphate
p-Toluenesulfonic acid
Triethylphosphite

Cyclic Voltammetry
Chenodeoxycholic acid
Guanidinium thiocyanate
Normal-butyllithium
Sodium dodecyl sulfate
3,4-Ethylenedioxythiophene
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1. Introduction

From the 18" and 19" century, the whole world experienced the beginning of a
great industrial change known as “industrial revolution”. Due to the rapid
industrialization and mechanization of an always increasing number of tasks, vast
territories benefited of a significant improved wellness. This eventually resulted in
a dramatic increase in population that has not still reached its peak and will cause
the global energy demand to double by the year 2040." At the same time, pollution
deriving from the emission of side-products from industrial processes such as CO,
CO,, NOy, are having serious impacts on the climate, causing phenomena like the
“greenhouse effect” and the “global warming”. In this scenario, the research for an
alternative, efficient, and renewable energy is necessary.

1.1. Energy from the Sun

More energy from sunlight strikes the Earth in one hour (4.3 x 10%° J) than all the
energy consumed on the planet in a year (4.1 x 10%° J),? therefore, solar energy is
considered the most attractive clean option. The spectrum of the radiation emitted
by the sun is very similar to that of a black body at around 5800 K (Figure 1).
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Figure 1. Emission spectrum of the Sun

Solar energy can be converted into electricity mainly using two different
technologies currently available: solar thermal and photovoltaic.



1.2. Photovoltaic

Edmund Becquerel discovered the photovoltaic effect in 1839, while conducting
experiments with an electrolytic cell in which two platinum electrodes were
immersed. He observed that the intensity of the current produced increased when
the cell was exposed to sunlight and was also the first one to realize that this effect
depended on the wavelength of the incident light. Since its discovery, the ability to
derive electricity from solar radiation, has aroused increasing interest in the world
scenario and it is still one of the biggest scientific challenges. Photovoltaic
research has diversified greatly over time, defining numerous types of devices and
many applications. The entire technology is formally divided into three
generations that reflect the chronological order in which different systems have
made their appearance.

The first generation of photovoltaic devices exploits a p-n junction between
differently doped semiconductors, such as silicon. The maximum experimental
value currently achieved for a monocrystalline silicon cell, stood at 24.7%,* very
close to the theoretical limit calculated, estimated to be around 30%. However, the
high cost for the realization of these devices prevents them from being competitive
on the market.

The efforts to contain material costs and reduce the energy payback time, led
to the second generation, dominated by the thin-film technology. Thin films are
films of semiconductor material whose thickness is around 100 nm. Solar cells
manufactured with this technology, typically employ semiconductors like
amorphous silicon, cadmium telluride (CdTe), or copper indium gallium
diselenide (CIGS). Although high efficiencies, around 20% have been achieved,*
the use of rare and toxic elements still limits the production costs.

The third generation sees as protagonists devices that try to overcome the 30%
theoretical limit, based on a multi-junction approach like tandem solar cells. Great
attention was addressed to the realization of cheaper and more environmental
friendly devices based on organic materials, from which Organic Photovoltaics
(OPVs) arose. Dye-Sensitized solar cells, at the center of the topic of this thesis,
can be ascribed to this generation.



2. Dye-Sensitized Solar Cells (DSSC)

The DSSCs, more commonly known as DSCs, are last generation solar cells
consisting of both organic and inorganic materials. In the field of organic and
hybrid photovoltaic, DSCs are very promising systems in relation to production
costs and conversion efficiencies. It is estimated that approximately 60% of the
cost of a dye-sensitized solar cell is due to the conducting glasses.”

In 1991, Professors Michael Graetzel and Brian O'Regan, designed a new device
inspired by a natural process for converting solar energy already exploited by
plants and other organisms: the photosynthesis (Figure 2).°

photosynthesis
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Figure 2. Pictorial representation of the photosynthesis.

In this process, organic pigments (chlorophyll, carotenoids, etc. ..) operate the
absorption of light radiation and use the energy captured to promote an electron in
the excited state. Subsequently, the charges are transferred to a specific reaction
center and the neutrality of the chromophores is restored by electrons coming from
the splitting of water molecules. The plant organism is thus able to acquire energy
that will then be used in the processes of synthesis of organic substances, useful to
its survival.



2.1. Working Principles and Components

The DSSCs, unlike conventional devices, provide a substantial distinction
between optical absorption and charge separation. In the parallelism previously
made with the photosynthesis, the function of the pigment is accomplished by the
dye, while the redox couple has the role to transport the electrons necessary to
restore the electroneutrality. The configuration and the working principle of a
DSC is schematised in Figure 2.1.
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Figure 2.1. Operating principles and reactions occurring in a
Dye-sensitized solar cell.

In the first step, the incident radiation is absorbed by the dye and its energy is used
to promote an electron from the HOMO to the LUMO level (process 1 in Figure
2.1). From the LUMO level, the electron is injected into the conduction band (CB)
of a semiconductor material, usually TiO, (process 2 in Figure 2.1). In dark
condition, the Fermi level of the TiO, equals the redox potential of the redox
couple, therefore no voltage is present and no current flows. Under illumination,
the quasi-Fermi level is shifted up as the electron concentration in the conduction
band increases, and a driving force for the electrons to perform electrical work is
obtained (processes 3 and 4 in Figure 2.1).” The electrons accumulated at the
counter-electrode perform the reduction of the oxidized part of the redox couple
(process 5 in Figure 2.1), which concludes the photovoltaic cycle migrating at the
working-electrode to restore the electroneutrality of the dye (process 6 in Figure
2.1). Common losses in the cells are due to the recombination of the injected
electrons with the oxidized specie of the electrolyte, or with the oxidized dye. The
latter aspect is strongly related to the electron lifetime of the dye employed, which
is a crucial aspect for the correct operation of the device.



As can be deduced from the previous description, a DSSC is therefore composed
of four main elements: a chromophore (dye), a redox couple, a working-electrode,
and a counter electrode. Each individual part fulfills a great importance and has
received thorough investigation during the last decades. The implementation of
dye-sensitized solar cells requires joint efforts coming from different subject
areas, and a clear interpretation and knowledge of the processes involved. For this
reason, this kind of system currently offer a wide research margin.

2.2. Characterization Parameters

In order to achieve a better understanding of the operating principles of a dye-
sensitized solar cell, it is necessary to perform a brief discussion including several
guidelines used in the description of the photovoltaic performances. The
parameters described later, represent a common reference point for all the
photovoltaic devices and therefore allow to make an immediate comparison
between different technologies.

Energy Conversion Efficiency

The overall solar conversion efficiency (n) is the most important parameter for a
basic description of photovoltaic devices, as it allows direct comparison between
different technologies. Its value represent the amount of incident radiation that the
device is able to convert into electrical power. Equation (1) reports the most
commonly known expression of the overall conversion efficiency for Dye-
sensitized solar cells:

= ]SC.Z(.)C'FF (1)
n
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where J,. is the photocurrent produced per unit area (mAcm™) under illumination,
at shortcircuit conditions, while V. is the potential difference between the the
quasi-Fermi level of the semiconductor and the redox couple at open-circuit
conditions. FF, the fill factor, expresses the relative area between an imaginary
rectangle representing the maximum power obtainable from the cell in ideal
conditions, and the one drawn in order to get the maximum area inside the real J-
V curve (Figure 2.2). The FF value is an important indicator of the quality of a
device, as it is directly affected by the series and shunt resistances in a solar cell.
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Figure 2.2. Evaluation of the fill factor. The smaller rectangle
expresses the maximum area obtainable inside the J-V curve. The
bigger rectangle is obtained from maximum J,. and V,..

The electric current that a photovoltaic solar cell is able to produce is a very
important element, as it is the aspect that offers more possibilities to improve the
overall conversion efficiency. Its value depends on the fraction of photons
absorbed (naps), the number of electron-hole pairs that are dissociated (ngiss) and
the amount of the separated charges that reach the electrodes (o).t All these
factors affect the value of the photocurrent efficiency m;, according to the
following equation (2):

Nj = Nabs *MNdiss " MNout 2)

The fraction of photons absorbed is, in turn, affected by the absorption spectrum
of the dye, its molar extinction coefficient ¢, the thickness of layers and multiple
internal reflections. The key to efficient charge separation in DSSCs relies on the
kinetically ultraslow interfacial recombination rate and the ability of electrolyte
ions to surround each nanoparticle, thus neutralizing the electrostatic field
between the photoinjected electron and the hole.® To reach the electrodes, the
charge carriers need a net driving force, which generally results from the
difference in the electrochemical potentials of the quasi-Fermi level of the
semiconductor and the redox couple, under illumination.

Incident Photon to Current Efficiency (IPCE)

Known with the acronym IPCE, the incident-photon-to-current-efficiency is one
of the most essential photovoltaic parameters and provides information about the
ability of the device to convert photons from monochromatic incident light, into



electrical current. Its principal physical expression is reported in the equation
below (3):

_ 1240 Jsc(A) |
IPCE(}) = T 100 3)
Where L is the wavelength of the monochromatic light that is harvested by the
cell. The IPCE value is commonly expressed in percentage (%), that is the reason
of the multiplication for a 100 factor.

Light Harvesting Efficiency (LHE) and Absorbed Photon to Current
Efficiency (APCE)

The value of IPCE can also be expressed as a function of two other important
parameters, the Light Harvesting Efficiency (LHE) and Absorbed Photon to
Current Efficiency (APCE).* Equation (4) shows their relationship:

IPCE(A) = LHE(A) - @y, * 1. = LHE(A) - APCE ()

®ij and n are, respectively, the electron injection efficiency and the charge
collection efficiency. LHE can be directly measured from the absorption spectrum
of the dye absorbed on a sufficiently thin and transparent semiconductor layer, and
converted into the desired variable by simply utilizing equation (5):

LHE(A) =1 — 10~ ¢@WnC (5)

Where L, and C are, respectively, the electrode thickness and the concentration,
determined by the effective photoanode roughness. As showed by equation (5),
the ability of a dye-sensitized solar cell to efficiently harvest incident light is
therefore related to the dye, as it is determined by the dye’s absorption spectrum,
molar extinction coefficient g, and concentration on the surface. Through equation
(4) it is possible to extract very useful information for the investigation of the
single components into the device. Infact, by measuring IPCE and LHE, it is also
possible to obtain information about the ability of the cell to convert the absorbed
photons into current (APCE), simply applying equation (6), solved as a function of
the desired parameter:

__IPCE(})

APCE = THED) (6)

In other words, through the simple measurements of IPCE and LHE, and the
APCE calculation, it is possible to discriminate the component that is responsible
for poor performances of the device.



3. Dye Sensitizers

In the DSC technology the photosensitizer plays a fundamental role, as it is
strongly related to important parameters, as seen in the previous chapter.

An ideal dye must have a broad and strong absorption of the portion of solar
radiation located in the visible and NIR wavelengths. In addition to functioning as
photon absorber, the sensitizing dye performs a variety of other tasks, including
rapid electron injection,""*? efficient hole regeneration,"*** and acting as an
effective barrier to recombination.”™’ In order to achieve high stable devices and
efficient electron injection, the dye must be strongly bonded with the
semiconductor, therefore it must necessarily have at least one anchoring group
such as —COOH,"®# -SO3H,%2% -POsH,,**% -Py,?*% or others.”®***3 Finally,
energy levels of dye must fulfill some required parameters: the LUMO must
necessarily be more negative than the CB edge of the semiconductor, and the
HOMO level must be more positive than potential of the redox couple.

3.1. Background

Ruthenium complex immediately revealed high potentiality, yielding
performances around 7% from 1991.° The ability to absorb about 46% of the
incident radiation combined with a remarkable stability, opened the possibility of
further development in that direction.®® Therefore, in the following years, many
researches have focused on the realization of similar compounds, leading to
photosensitizers that held the record efficiency for almost 20 years (Figure 3.).

' COOH
COO- TBA ——

COo- TBA' TBAT-00C
N719 Black dye N3
n=11.18 % 7=11.1% n=11.03%

Figure 3. Ruthenium(ll) complexes with polypyridyl and thiocyanate ligands.



The ruthenium complexes reported in Figure 3 resulted in very high performances
in combination with 1/l redox couple, but revealed to be inefficient when cobalt
complexes were employed.* Recently, a new record was achieved exploiting a co-
sensitization technique involving a porphyrin dye and a fully organic one (Figure
3.1).%

CGHlilO
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YD2-0-C8 Y123

Figure 3.1. Record porphyrin (left) and organic (right) dye.

It is quite evident that metal-organic complexes detain great importance in DSSC.
However, fully organic photosensitizers have been widely investigated because
they offer several advantages with respect to the hybrid counterpart.

3.2. Organic Dyes

Fully organic sensitizers offer potentially endless possibilities to improve the
desired properties through structural modification. Moreover, unlike the metal-
organic compounds, can be purified in a more simple and economic way, have
higher molar extinction coefficients, and do not involve expensive and rare metals
such as Ruthenium, that would prevent their production on a big scale.®

A common way of designing organic dyes is to connect an electron donor (D), a
conjugate bridge (w) and an acceptor (A) building blocks, following a D-n-A
geometry (Figure 3.2). The dipole moment due to the D-A (push-pull)
configuration is able to result, after excitation through light absorption, in an
intramolecular charge separation responsible for the intramolecular charge transfer
(ICT), necessary for electron injection.® In the last decades a vast number of
organic structures have been synthesized by modifying all the components, with a
great attention on the donor and the m-bridge. Coumarin,***" indoline,®
carbazole,®**° triphenylamine,*** furan,*® and thiophene, are just a few of the
many of building blocks explored, whose various assembly resulted in hundreds of
different compounds.
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Figure 3.2. Schematic design of organic sensitizers (top), examples
of building blocks (down).

3.3. Aim of the Thesis

The goals of this thesis were the design, synthesis and investigation of new
organic dyes, with extended absorption properties, as photosensitizers for dye-
sensitized solar cells. An important part of the work was focused on the synthetic
paths to find new structures that could overcome the problems related to this class
of materials.

A new design, rising from the evolution of the extension of the classical D-n-A
structure seen in the previous chapter, will be presented in Paper I. With the aim
of further extending the optical properties we introduced another modification in
Paper 1l, where we discovered surprising and interesting relationships between
previous and new design. After the publication of Paper Il, a new work was started
in order to fully exploit the possibilities offered by the asymmetric structure
introduced in Paper Il. However, due to difficulties encountered in the synthetic
route, the designed target could not be achieved within the available time. Paper
111 will deal with the use of water as solvent for DSSC and will present an organic
hydrophilic dye that shows a remarkable stability in terms of desorption. In
addition, the dye is able to give good performances with respect to the state-of-
the-art for water systems.
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4. The Challenge of Absorption Extension

From Chapter 3, Paragraph 3.1, resulted quite evident that the best performances
have always been recorded employing organometallic compounds. Although
significant results have been achieved employing fully organic sensitizers, a
remarkable limit resides in the absorption spectrum of these compounds that
typically show a single and narrow absorption band in the visible region (around
550 nm). These boundaries are imposed both by the type of building blocks used
and, in general, more strongly by the design, constituted by a single D-A charge
transfer. In order to achieve a significant breakthrough, it is fundamental to extend
the absorption at longer wavelength, up to the NIR region. Infact, the presence of
absorption bands in the near-infrared portion of the spectrum of metal complexes,
is the main reason for their higher performances. Generally, Ru polypyridyl
complexes show prominent absorption peaks at the UV region and the visible-NIR
region, respectively. The absorption band appearing in the visible-NIR region is
assigned as singlet to singlet metal-to-ligand charge transfer (‘MLCT) from the
metal core to the polypyridyl ligand.** The expansion of m-conjugation of
polypyridyl ligand will lead to a decrease of the LUMO energy level and result in
a bathochromic shift of the absorption band. Furthermore, small HOMO-LUMO
gaps are known to be resulting not only from the metal-to-ligand or ligand-to-
metal charge transfer (MLCT or LMCT), but also from the characteristic Q-bands,
as in the case of porphyrins.*>*® However, maintaining a large V., while keeping
the LUMO and HOMO levels at proper potentials, leaving enough driving force to
have kinetically fast injection and regeneration, is a significant challenge for the
realization of efficient NIR organic dyes.

11



5. Design Modification: from Mono- to
Tri-branched Dyes

5.1. Introduction

Although promising, modified structures have rarely been considered in the field
of organic sensitizers. In the case of Ruthenium-based sensitizers, the presence of
more than one anchoring group has already been proved to have a positive effect
on the stability and electron injection.*” Taking inspiration from this fact, Abbotto
et al. have applied the same concept to organic chromophores, developing new
dibranched structures (Figure 5) characterized by the presence of two acceptor
fragments,*® each ending with a carboxylic, condensed to a donor group. The new
design conferred enhanced stability, performances and optical properties to the
dyes, increasing the photocurrent and broadening the absorption spectrum.

\ L3O 0
N
| —
N \ \
~ c
C 3 \s s
COOH  COOH \ /
Ne / CN NC

a)D-A b) A-D-A COOH HOOC COOH

Figure 5. Schematic representation of mono-to-dibranched design (left), D5
monobranched dye (middle), DB1 dibranched dye (right).

In general, the multi-branch approach involves a number of advantages compared
to the simple design D-n-A, including a strengthening of the bond between dye
molecules and semiconductor oxide particles, the extension of the w system for a
more efficient absorption of sunlight, and a wider variety of structural possibility
aimed to obtain a panchromatic response. Studies on donor functionality in
organic photosensitizers suggest that dyes bearing donor fragments particularly
electron-rich exhibit and increased photocurrent.*® According to this observation
and being aware that a limitation in the performances of the dibranched design
could rise from the presence of only one donor moiety, the system was further
modified.

12



5.2. Aim of the Study

The purpose of this study is therefore to investigate the optical and photovoltaic
properties of a new dyes architecture which stems from a further extension of the
dibranched one, deriving from the condensation of two units D-r-A, to form one
of the type A-n-D-n-D-nt-A (Figure 5.1).

COOH COOH
b) A-D-A

a)D-A

Figure 5.1 Schematic representation of the evolution from mono (a) to
tribranched design (c).

Indeed, a significant broadening of the absorption spectrum moving from the
monobranched to the dibranched design, was already observed.*®**** Therefore,
this study aimed to investigate the modulation of the absorption spectrum resulting
from the addition of another donor unit. In addition, since the new geometry can
also be regarded as two monobranched dyes connected through the donor
moieties, it was also interesting to investigate its properties with respect to the
analogous monobranched.

13



5.3. Design and Synthesis

Design

To design the tribranched prototypes it was decided to employ simple building
blocks widely used for organic sensitizers, with the aim of simplifying the
synthetic path.

Triphenylamine derivatives have attained a great attention and have been
extensively used as donor units.’®®® We selected 4-methoxy-triphenylamine,
instead of the more simple triphenylamine, because the methoxy group increases
the donating character. Many different conjugated linkers are known, from simple
vinylene to condensed aromatic units. The currently most common linkers are
thiophene and their derivatives,””** inspired by a work from Hara, who showed a
good effect of their electron donating properties, resulting in bathochromic shift in
the absorption spectra.®® Therefore, we selected thiophene as a n-spacer to connect
the single D-A moieties in the side-arms. 2-cyanoacrylic acid was used as
acceptor, since it provides the best performances. Finally, in order to investigate
the influence of the introduced r-bridge connecting the donor units, ethenyl and
phenyldiethenyl building blocks were used.

Based on these premises, we decided to explore the new geometry by synthesizing
two tribranched prototypes, called TB-1 and TB-2, starting from L1, a simple
chromophore previously known in literature (Figure 5.2).%

L

L1

Figure 5.2 Chemical structures of monobranched L1 dye (left) and target
tribranched molecules TB-1 and TB-2 (right).
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Synthesis

The first synthetic route that led to TB-1 and TB-2 dyes is based on a divergent
approach starting from the triphenylamino donor moiety (Scheme 1). Therefore,
commercially available 4-methoxytriphenylamine was formylated according to
Vilsmeier-Haack procedure to afford intermediate 1, previously known in
literature. The brominated analogue 2, key intermediate in this synthetic path, was
obtained pure after bromination of 1 with recrystallized NBS. In this series, both
the dibromo derivatives of the donor bridges D-n-D, 5-1 and 5-2, have been
synthesized exploiting Horner-Wadsworth-Emmons condensation reaction
between an aldehyde and a phosphonate. Tetraethyl 1,4-phenylenebis(methylene)
diphosphonate,®” was deprotonated using t-BuOK and aldehyde 2 was added to the
solution, yielding desired intermediate 5-2. For the synthesis of the analogue TB-1
donor bridge, phosphonate 4 was obtained from the one-pot halide and Michaelis-
Arbuzov reaction of the reduced form of aldehyde 2, alcohol 3. Horner-Emmons
reaction of phosphonate compound 4, together with aldehyde 2, was realized
following the same procedure previously used, affording dibromo building block
5-1. Suzuki-Miyaura cross-coupling reaction is a powerful technique to provide C-
C bonds.®**® The discovery of this palladium-catalyzed reaction rewarded Akira
Suzuki, its inventor, with a Nobel prize in 2010. The synthetic strategy we
employed, involves a double Suzuki reaction on starting materials 5-1 and 5-2
with commercially available 5-formyl-2-thienylboronic acid, employing the
widely wused 1,1°-Bis(diphenylphosphino)ferrocene palladium(ll) dichloride
(Pd(dppf)Cl,) as catalyst. Both reactions were performed in a microwave reactor,
affording bis-aldehydes 6-1 and 6-2, that finally reacted with cyanoacetic acid via
Knoevenagel condensation to give the desired final compounds TB-1 and TB-2,
respectively.
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Scheme 1. Synthetic procedure of sensitizers TB-1 and TB-2.
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With the purpose of investigating the nature of the optical contributions in the
absorption spectrum (see Chapter 5.4) we further synthesized the donor D-n-D
cores of both TB-dyes (Scheme 2). In this occasion, we decided to explore a new
and shorter route for the preparation of D-n-D (TB-1), without the necessity to
prepare the alcohol and phosphonate analogous of aldehyde 1. Mc Murry reaction
was therefore employed to synthesize the target molecule and provided D-m-
D(TB-1) in high yield. On the other hand, Horner-Emmons condensation
performed on compound 1 and Tetraethyl 1,4-phenylenebis(methylene)
diphosphonate, resulted in even lower yield than the one performed on reactant 2.
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Scheme 2. Synthetic procedure of D-n-D(TB-1) and D-n-D(TB-2).
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5.4. Properties of the Sensitizers

Optical Properties

Due to the extended conjugation, dyes TB-1 and TB-2 exhibit a remarkable

broadening of the absorption spectra, that show two different transitions in the
visible region (Figure 5.3).

— Abs TB-1
- Emiss TB-1

—— Abs TB-2
Emiss TB-2

I/Imax

400 500 600 700 800
Wavelength (nm)

Figure 5.3. Normalized absorption and emission spectra of TB-dyes in DMSO.

After further investigations we were able to assign the two different absorption
bands. Infact, the absorption spectra of the donor cores D-n-D of both dyes in the

same solvent, are perfectly matching the transitions at lower wavelengths (Figure
5.4).

\O
.‘ — DD (TB-1) -0 @
\ — D-nD(TB-2) Q
@
2.1/ O
2 D-n-D (TB-1) \O
0] Q /
@
350 400 450 500 550 600 650 700 750 800
Wavelenght (nm) D-n-D (TB-2)

Figure 5.4 Normalized absorption spectra in DMSO (left), molecular structures of
the donor cores (right).
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This result, together with other measurements performed on TB-1 and TB-2 with
chenodeoxycholic acid, commonly employed as disaggregating agent, in the UV-
Vis solutions, allowed us to exclude the possibility that the bands at higher
energies could be artefacts deriving from dye aggregation. Therefore, the 397 nm
and 420 nm absorption bands were ascribable to the local transitions of the donor
core, while the bands at higher wavelength were attributed to the =-n* transitions
that correspond to the intramolecular charge transfer (ICT).

As expected, by increasing the conjugation exploiting the new design, the
broadening of the absorption spectrum was combined with a significant
improvement of the values of molar extinction coefficient. If compared to the
monobranched dyes bearing the same buildings blocks, it is possible to notice that
the molar extinction coefficients of TB-1 and TB-2 are almost doubled. Figure 5.5
contains the table that summarizes these properties.

CgH130 OCqgH13
Compound Aabs/NM Aemy/nm (@) & \©\N/©/

(/M em™)

TB-1™ 397 (40900) 485 (0.058)!Hc]

478 (35800) g
TB-2["] 421 (54000) 540 (0.013) =
480 (40200) et
L1 410 (25800) 549 COOH
c213! 514 (27500) 715
C213

Figure 5.5. Table containing optical parameters (left) [a] Fluorescence quantum
yield; standard: Coumarin 540A (0.58 in EtOH); [b] Spectra recorded in DMSO; [c]
Aexe = 397 nm; [d] Aeye = 421 nm; [e] (t-butanol:CH;CN, 1:1);> [f] (THF).% C213
molecular structure (right).

Direct comparison between the values related to the maximum absorption
wavelength is not possible due to the different solvents in which the measurements
were performed. Solvatochromism plays a significant role in the detection of the
maximum absorption wavelength and this effect results very clearly by making a
comparison between L1 and C213 dyes that differ only in the length of the alkyl
chains, not responsible for 100 nm bathochromic shift. However, the shape of the
absorption spectrum and the molar extinction coefficient of the dyes are very
poorly or not influenced by the solvent. Therefore, we can state that the goals of
broadening the absorption spectrum and increase the molar extinction coefficient
succeeded.
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Electrochemical Properties

The electrochemical properties of TB-dyes are summarized in Table 1.

Eox E(red) Eqo)
Compound 1\ U NHED  [V]vs, NHE®  eV®
TB-12 +0.91 -0.87 1.8
TB-22 +0.98 -0.97 2.0

Table 1. Electrochemical parameters of TB-1 and TB-2. *Measurements
performed in DMF solution: glassy carbon as we and Pt as ce, using 0.05 M
TBA(PF;) as a supporting electrolyte, ®Potentials measured vs. Fc+/Fc, converted
into Normal Hydrogen Electrode (NHE) potentials by addition of +0.63 V, “Energy
bandgap calculated from the reported values of Eo, and E,q.

It is interesting to notice that the reduction potentials (LUMO) reported, as well
optical bandgaps, differ considerably from the values commonly known in
literature for similar monobranched dyes.>**"% In particular, comparing the two
dyes, it is possible to state that the more electron-rich character of the p-bridge in
TB-2, causes a larger bandgap by moving the LUMO to more negative potentials
and the HOMO toward more positive values.

Computational Properties

Computational investigation performed on TB-1 detected two possible
conformers: a more stable one with transoid arrangement of the two branches, and
a less stable one corresponding to a cisoid arrangement of the two branches
(Figure 5.6). The energy interconversion barrier between the two structures was
computed to be around 5.3 kcal/mol. The transoid conformer is probably more
stable due to the minimized interaction of the phenyl rings in the n-bridge. As can
be noticed from Figure 5.6, the more stable conformer exhibits a non-optimal
interaction with the TiO, surface, which might reduce the dye molecular packing,
and, in turn, impact the photovoltaic performances.
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Figure 5.6. Optimized molecular structures of the TB-1 conformers (a);
Possible interaction of TB-1 conformers with the TiO, substrate (b).
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5.5. Photovoltaic Performance

The properties of the synthesized dyes were tested in DSSCs using I/13 as redox
couple. Figure 5.7 shows the IPCE spectrum of the different cells. Different data
related to L1 are known in literature,>”®” which makes hard to make a correct
comparison. In Figure 5.7, it is possible to observe that TB-1 exhibits a high value
at plateau (81%) and more than 70% from 400 to 560 nm. Although showing a
photoelectrical response in the same region, dye TB-2 performs a slightly lower
conversion of incident light into electrical work (75%). It may be interesting to
speculate that the lower performances of dye TB-2 could be explained by
analyzing its absorption spectrum. Although the maximum absorption
wavelengths of both optical transitions result barely red-shifted in TB-2, it seems
that the presence of an extended conjugation between the two donor units
promotes the D-=-D transition, rather than the ICT. This effect can be seen in the
different intensities of the two transitions into play. Since the donor-donor
transition does not contribute to electron-injection, it can actually be seen as a
competitive phenomenon.

100 ——— —

IPCE/%

0_\\\|||\\\‘\ | I | =
400 450 500 550 600 650 700

Wavelength/nm

Figure 5.7. Incident-photon-to-current (IPCE) of TB-1 and TB-2 DSCs.

The trend observed in the IPCE spectra reflects the photocurrent densities (Figure
5.8). All the main photovoltaic parameters are reported in Table 2.
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Current Density/mA cm

Potential/V

Figure 5.8. Light and dark current-voltage characteristics of DSCs based on TB-1

and TB-2.
Dye l/sun  J/mAcm? VoV FF/% /%
TB-1 1 10.9 641 72.5 5.05
05 5.45 616 74.5 5.01
0.1 1.10 558 76.6 4.75
TB-2 1 9.65 662 70.6 451
05 4.84 640 72.6 450
0.1 0.99 584 73.6 4.30
L1577 1 542 735 69 2.75
1 12.8 620 66 5.20
C213% 1 11.9 775 74.7 6.88

Table 2. Photovoltaic parameters of DSCs based on TB-1 and TB-2.
Measurements performed under AM 1.5 G irradiation. Electrolyte composition:
0.6 M N-methyl-N-butyl imidazolium iodide, 0.04 M iodine, 0.05 M Lil, 0.05 M
GuSCN, and 0.28 M tert-butylpyridine in ACN/VN=85/15.

As previously said, it is not easy to make a comparison between our experimental
data and the one in literature. However, Table 2. shows that the C213 best
performance can be mainly ascribed to a 20% higher V. than TB-1. The long
alkoxyl chains in C213 could also be the main reason for its higher performances.
Indeed, Hagberg et al. have recently shown a correlation between open-circuit
voltage values and bulky butoxy chains.®® Long alkoxyl chains are infact able to
suppress dye aggregation, reducing recombination (increasing V., and current-
loss (J) due to =-wt stacking.

23



5.6. Conclusion

Increasing the degree of conjugation in the sensitizers by introducing a new
tribranched geometry resulted in a two-fold enhancement of the molar extinction
coefficient. The absorption spectrum results widely broadened with respect to the
commonly known monobranched counterpart. Stability test show good results due
to the presence of two anchoring group in the molecular structure. Moreover, the
tribranched molecular architecture provides more variety in the sensitizer
chemical structure, allowing further structural optimization that can be tailored to
achieve the desired properties. However, this work did not clearly detect the
causes for lower photovoltaic performances with respect to the values found in
literature for C213. Further investigation is therefore necessary.
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6. Asymmetric Tribranched Dyes: Full
Exploitation of Design Variability

6.1. Introduction

The previous chapter introduced a new design that possesses several optical
advantages with the potentiality to result in improvement of photovoltaic
performances. Moving from mono- and dibranched structures such as L1 and DB-
1, to tribranched prototypes like TB-1, a remarkable broadening of the spectrum,
due to the appearance of an additional transition, was found. In addition, the
potentiality offered by the multi-branched architecture has not been fully
exploited, yet. The tribranched design can be seen from two different point of
view: as extension of the dibranched design, bearing an additional donor moiety,
or as two monobranched dyes, connected through the donor units through a n-
bridge (Figure 6.).

AR

AR

I

COOH COOH COOH COOH COOH COCH

Figure 6. Different perspective approaches to the tribranched design.

6.2. Aim of the Study

By virtue of the monobranched-connected approach and encouraged from the
modulation of the optical properties derived from the new structure, the design is
here pushed to its limits. Therefore, the aim of this study is to explore the optical
modulation and the photovoltaic performance of dyes with a new structure
realized by introducing two different w-spacers in the side arms of the branches of
the previous design. The result is an asymmetric tribranched dye with a A-n;-D-n-
D-m,-A backbone (Figure 6.1). Interestingly, following the previous analysis, the
architecture can also be considered as deriving from an intramolecular co-
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sensitization approach, where two different dyes (D-n;-D and D-n,-D), possessing
diverse absorption features, are linked together through a conjugated bridge.

COOH COOH COOH COOH COoH COOH

Figure 6.1. Symmetric tribranched (left), new design of asymmetric tribranched
(middle), two different monobranched dyes (right).

6.3. Design and Synthesis

Design

To design a prototype of the asymmetric tribranched geometry, similar general
guidelines, as previously used for the symmetric analogous (Chapter 5, Paragraph
5.3), were followed. Aware of the synthetic complexity that generally
characterizes asymmetric structures, the goal was to identify a simple prototype
that could provide sufficient fundamentals to develop this study. Since thiophene,
previously discussed, and phenyl rings, are the most common and simple building
blocks,®*™ they have been select for this purpose. To verify that the two
monobranched dyes carrying those spacers as building blocks have a difference in
the absorption spectrum, a quick literature research was made. From this research,
two chromophores with the desired characteristics were found: the already
mentioned L1, and TC105 (Figure 6.2).°~"® The difference reported in the
maximum absorption wavelength is around 50 nm only, but still sufficient for the
investigation of the optical modulation. Triphenylamine was still employed as a
donor unit. For this series of dyes, however, it was decided to employ a longer
alkoxyl chain (hexyloxy), in order to provide higher solubility and study possible
performance changes with respect to TB-1. Following the view of making a
comparison with the dyes from the previous series and considering the better
performances achieved by TB-1 with respect to TB-2, vinylene group was
employed to connect the donor units and 2-cyanoacrylic acid was used as
acceptor. Based on these premises, the properties deriving from the new geometry
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were explored by the synthesis of an asymmetric tribranched prototype (TB-PT),
and its two symmetric analogues (TB-T, TB-P) (Figure 6.2).

O(CHZ)CHg
3C(H2C)50
aCOOH Nc\; ~° %
COOH ~CN
COOH COOH
L1 TC105 TB-PT

O(CH2)5CH3 3C(H2C)5
H3C(H,C)sO O(CH;)sCH3

N/N N\p

\ NC NC__
CN COOH COOH

HOOC HOOC

TB-P TB-T

Figure 6.2. Molecular structures of: monobranched models L1 and TC105 (up,
left); target asymmetric tribranched TB-PT (up, right); symmetric analogues TB-P
and TB-T (down).

Synthesis

The first target compound in the synthesis process is 4-hexyloxy-triphenylamine
2, whose synthetic pathways are included in Scheme 3. The first synthetic
approach, not reported, consisted in the Buckwald-Hartwig reaction between the
bromo-analogous of the alkylated derivative 1, and commercial N,N-
diphenylamine. However, even after several attempts carried out in different
conditions, the desired product was not obtained. Therefore, the strategy changed
to the one here reported. Commercially available 4-iodophenol was alkylated
according to a procedure known in literature,” with some modifications,”
affording hexyloxy derivative 1. The synthesis of triphenylamine donor 2, is
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performed by N-arylation of N,N-diphenylamine exploiting the versatile Ullmann
coupling reaction with copper(l)chloride as catalyst.”"”

o

OH Br(CHy)sCHz O(CHy)5CH3 @
K,CO3
B CuCl, Kl
1,10-phenantroline
Acetone
' Toluene
1 H3C(H2C)s0
85%

)
Br(CH,)sCHs @

BBrg sol. CH2C|2

) ——

s e
@ o

Acetone 70%, 95%
CH,Cl,
1-1,
91% POCI,, DMF
CH,Cl,
H3C(H2C)s0 H3C(H2C)s0

o NBS 0

N—< >—< B N—< >—<

H DMF @ H
3

94% 95%

Scheme 3. Synthetic procedure of important intermediates 2 and 4.

Although Ullmann reaction provided the desired compound in good yield (70%),
the purification step results time consuming and requires, in order to perform the
reaction on a big scale, the employment of big separation columns and a
remarkable amount of solvents and materials. Therefore, with the aim of achieving
the same intermediate in an easier way, another path was explored. Starting from
commercially available 4-methoxytriphenylamine, the correspondent phenol 1-1
was obtained in remarkable yields from demethylation reaction by Boron
tribromide. The following Williamson alkylation reaction, afforded intermediate 2
in high yield (95%). This synthetic path results much easier to handle and scalable
with respect to the first one because the purification step of compounds 1-1 and 2,
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consist of a mere silica-gel filtration. Vilsmeier formylation reaction of starting
material 2 gave excellent results when dichloromethane (CH,Cl,) was employed
as solvent, affording aldehyde 3 in high yield. Bromination reaction with NBS
resulted in the key intermediate 4 in quantitative yields.

From key intermediate 4, different synthetic routes branch off for the realization
of symmetric and asymmetric compounds. The identification of a synthetic path
for symmetric compounds TB-P and TB-T traces the knowledge acquired for the
achievement of TB-1 and TB-2, shown in the previous chapter.

Divergent synthetic route (Scheme 4), as previously employed, started with Mc
Murry reaction on the bromo-aldehyde 4, affording dibromo derivative of the
donor core 5, in quantitative yield. Pd-catalyzed Suzuki-Miyaura reaction was
carried out in the same conditions that led to the analogous compounds presented
in Scheme 1, and bis-aldehyde derivatives 6 and 6-1 were obtained. Further
Knoevenagel condensation with cyanoacetic acid resulted in the final desired
compounds TB-P and TB-T in high yield.

The synthesis of asymmetric compound TB-PT, however, required a different
approach. After several attempts, a convergent synthetic strategy based on the
exploitation of protective group as key points, led to the target molecule. Scheme
5 presents this approach, based on the synthesis of the two separate side-arms of
the structure 8 and 10, condensed according to the classical Horner-Emmons
reaction in one of the last steps.
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Scheme 4. Divergent approach for the synthesis of TB-P and TB-T dyes.

The construction of the side-arms started from the pinacolic protection of
commercially available 4-formylphenylboronic acid and 5-formyl-2-
thienylboronic acid, using PTSA in catalytic amount, yielding acetals-boronic
esters 7 and 7-1, respectively. Both substrates underwent Suzuki cross-coupling
reaction with the key intermediate 4, in the same conditions, leading to aldehyde
derivatives of side arms, 8 and 8-1, respectively. In order to be able to perform
Horner-Emmons condensation one aldehydic side-arm must be converted into its
phosphonate analogous.
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Scheme 5. Convergent approach for the synthesis of asymmetric TB-PT dye.
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Therefore, aldehydic group of compound 8-1 was reduced with NaBH, to give the
correspondent benzyl alcohol derivative 9. Subsequent one-pot nucleophilic
substitution performed by 1,, followed by Arbuzov reaction with triethylphosphite,
afforded the phosphonate derivative 10 in good vyield. Horner-Emmons
condensation between the properly functionalized side-arms 8 and 10, resulted in
the bis-protected derivative 11. The aldehydic groups were deprotected in mild
acidic conditions, leading to bis-aldehyde derivative 11 that, after double
Knoevenagel condensation with 2-cyanoacetic acid, afforded the desired
compound TB-PT in quantitative yield.

6.4. Properties of the Sensitizers

Optical Properties

The synthesized dyes were characterized by UV-Vis absorption spectroscopy,
revealing interesting insights on the optical modulation of the asymmetric
compound TB-PT (Figure 6.3). TB-dyes exhibit two UV/Vis absorption bands,
typical of the tribranched design,’ as previously presented in Chapter 5, paragraph
5.4. The optical transitions at lower energies (430-490 nm) are related to
intramolecular D—n—A charge transfer of the side arms, while the bands at higher
energies (385-395 nm) are due to a local transition of the donor core, D-r-D.
Table 3 summarizes the main optical parameters.

—TB-P
—T1B-T
----TB-PT Calc
—TB-PT Exp

T T T
400 500 600 700 800

Wavelength (nm)

Figure 6.3. Absorption spectra of symmetric (i.e., TB-T, TB-P) and asymmetric
(i.e., TB-PT) tribranched dyes in THF (solid line); calculated spectrum of TB-PT
according to Equation (7) (dashed line).
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In agreement with the geometry modification it is possible to notice that both the
position of the donor core transition, and the maximum absorption wavelength
correspondent to the ICT of TB-PT, are situated exactly at the average values with
respect to TB-P and TB-T. Comparison of the molar extinction coefficients
follows a similar trend. However, in this case, the absorption coefficient of TB-PT
is closer to the lower value of TB-P, rather than standing exactly at the average.
Nevertheless, TB-PT possesses the higher oscillator strength, indicating an
enhancement effect of the different contributions.

Dye Amax [a] e/ MiemtEl f [alb]

TB-T 388 46000 1.96
482 61000

TB-P 401 48000 1.58
439 53000

TB-PT 394 52000 1.98
460 55000

Table 3. Main optical parameters of TB-P, TB-T, and TB-PT. [a] In THF; [b]
Oscillator strength measured in the 350—-800 nm range.

More interestingly, we discovered that the experimental spectrum of TB-PT could
be nicely predicted (dashed line in Figure 6.3) by simply applying a 1:1 linear
combination of the spectra of the symmetric dyes, as shown in Equation (7),
where ¢ is the molar absorptivity at each wavelength:

erg-pt (M) = 0.50 £rg.p (A) + 0.50 e7p.7 (A) (7

This aspect is very important in the view of a control of optical modulation
because it states that, in principle, it is possible to predict the absorption spectrum
of an asymmetric tribranched from its symmetric analogous, much easier to
synthesize.

Electrochemical Properties

The electrochemical properties of this series of TB-dyes were measured by cyclic
voltammetry (CV) and are shown in Figure 6.4. All the oxidative waves observed
exhibit a reversible behavior and, similarly to the absorption spectra, two
oxidation peaks are present. We did not further investigate the peaks at higher
potentials but it is reasonable to believe that, following the trend of the optical
properties, they can be related to the oxidation of the donor core. HOMO and
LUMO energies were converted into NHE values from cyclic voltammetry, using
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0.69 V as conversion factor for Fc/Fc* vs NHE. Curiously, they reveal that
HOMO level of TB-PT has slightly more TB-P character, while the LUMO level
is much more influenced by TB-T.

o o =
o [$)) o
1 1 1

current density (mA/cm?)
S
<

-0.4 -0.2 0?0 0?2 0f4 0.6 0.8
potential vs. Fc (V)

LUMO E vs NHE
1.4 — -1.5
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"R 1.0
TiO,
CB
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— 0.0
0.4
IJ"I' — 0.5
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TB-P TBPT TB-T — 1.5
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Figure 6.4. Cyclic voltammetry of TB-P, TB-T and TB-PT, vs Fc/Fc" (top); HOMO
and LUMO energies vs. NHE (bottom).
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6.5. Photovoltaic Performance

The performance of the synthesized dyes was tested in DSSCs employing 17/15" as
redox couple. A preliminary study was performed on TB-PT, in order to find the
best conditions for further investigation. Figure 6.5 shows the I/V curves of TB-
PT dye employing two different standard electrolytes and diverse amount of
chenodeoxycholic acid (CDCA), generally used as disaggregating agent.

79-81

14 - - - = - 0MCDCA EI.Z959
0 M CDCA EI.Z960

12

10 f——==-7-=-=-----2

Joe (MA cm?)

0 100 200 300 400 500 600 700 800

Voc (MV)

- = = = 2x10-4 M CDCA EI.Z959
2x10-4 M CDCA EI.Z960
- = - — 2x10-3 M CDCA EI.Z959
2x10-3 M CDCA EI.Z960
- - = -= 2x10-2 M CDCA EI.Z959
2x10-2 M CDCA EI.Z960

Figure 6.5. J-V curves of DSCs sensitized with TB-PT dye and diverse amount of
CDCA; Electrolytes: 2959 (1.0 M DMII, 0.03 M |,, 0.1 M GuSCN, 0.5M TBP in
ACN/VN=85/15), Z960 (1.0 M DMII, 0.03 M I,, 0.05 Lil, 0.1 M GuSCN, 0.5 M TBP in

ACN/VN=85/15).

Table 4 reports in detail the photovoltaic parameters related to Figure 6.6.

CDCA:Dye Electrolyte J/mAcm?  Vo/mV  FF/% n/%

0:1 Z959 8.7 645 0.69 3.9

Z960 9.9 701 0.64 4.5

1:1 Z959 11.2 568 0.61 3.9

7960 10.5 685 0.68 49

10:1 Z959 8.7 623 0.69 3.7
7960 113 699 0.60 4.7

100:1 Z959 10.3 575 0.66 3.9
Z960 113 720 0.66 54

Table 4. Detailed photovoltaic parameters of the J-V curves in Figure 6.6.
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This study shows the benefits deriving from the employment of CDCA and the
addition of 0.05 M of Lil to the electrolyte composition. Although it seems to be
not linearly dependent, the increase in the amount of CDCA produces better
performances in combination with Z960 electrolyte. When 2960, with 0.05 M of
Lil in addition, is employed, the photocurrent values show remarkable
improvements, remaining constant in the cases 10:1 and 100:1 CDCA-dye. This
may suggest that injection results to be more efficient because of the reduced
amount of aggregates on the surface. Usually, in these cases, both V. and J
increase to a certain extent,”*®? to decrease again when the amount of CDCA
employed is too high to cancel its benefits. However, this behavior is not
respected in this series, rendering hard the identification of the role that CDCA
plays. Finally, the higher voltages observed by adding additional Lil are quite
curious, since the addition of Lithium salts in the electrolyte is known to cause a
downshift in the CB of TiO,, lowering the voltage of the device.®* However, none
of the previously seen positive effects have been recorded in combination with
Z959. Even worse power conversion efficiency were actually recorded when 2959
was employed in combination with 10:1/CDCA:dye.

TB-asymmetric dyes from this series were therefore tested employing Z960 as
standard electrolyte and compared to the benchmark dye N719 [bis(2,2’-bi-
pyridyl-4,4°-dicarboxylate)ruthenium(l1) bis(tetrabutylammonium) salt].?* Table
5. Reports the main photovoltaic data recorded.

Dye CDCA:Dye Jo/mAcm? V,/mV FFl% n/%

TB-P 100:1 10.0 722 66 4.8
TB-T 100:1 10.9 687 65 4.9
TB-PT 100:1 11.7 708 66 5.4
N719 11 14.4 707 69 7.1

Table 5. Main photovoltaic parameters of DSSCs based on the TB-dyes from this
series with Z960 electrolyte.

Table 5 proves that our new approach based on asymmetric tribranched is able to
yield better performances with respect to the symmetric ones. Photocurrent value
of TB-PT outperforms those of the symmetric analogous TB-P and TB-T, while
the open-circuit voltage remains located at intermediate values.

In order to acquire a better understanding about the photovoltaic behavior, a
further investigation was carried on. IPCE and LHE measurements (Figure 6.6)
show that the performances could be enhanced from these point of view. Infact,
despite the high values of molar extinction coefficient, the light-harvesting and,
consequently, the incident photon-to-current efficiency result still limited.
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Figure 6.6. IPCE (a), LHE (b) and APCE (c) as a function of wavelength of DSSCs
based on TB-P, TB-T and TB-PT.

However, the APCE clearly shows that TB-PT, like TB-T is able to convert all
photons absorbed in the range 425-625 nm, into current.

6.6. Conclusion

Accurate analysis of absorption spectra demonstrates that the strategy employed
for the modulation of the absorption properties, can actually be ascribed as
deriving from a combination of two different molecules, possessing diverse
optical features. Compared to its symmetric analogous, TB-PT exhibits enhanced
photocurrent value that result in a higher power conversion efficiency.
Furthermore, it is possible to predict and tune optical and photovoltaic
performances analyzing the analogous monobranched and symmetric tribranched.
Infact, Equation (7), which shows that the panchromatic behavior of a new
sensitizer can be built by appropriately selected starting molecules with
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complementary optical and photovoltaic properties, will facilitate the search for
new efficient sensitizers. TB-PT dye was designed as prototype to study and
understand the modulation of optical, electrochemical and photovoltaic
performances deriving from the asymmetric design. In order to reach higher
efficiency it is therefore necessary to realize an optimized structure by using the
most efficient moieties.
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7. Organic Hydrophilic Dye for Water-based
DSSCs

7.1. Introduction

The idea of developing a photovoltaic device that could absorb light through
molecules absorbed on the surface of a TiO, semiconductor layer, was formed
gradually in the 1980s. A that time, several studies were investigating the use of
chromophores absorbed on TiO, electrodes as photocatalyst for methane
production and photodecomposition of water by absorption of visible light.®®’
For this reason, the pioneering studies conducted on dyes absorbed on TiO, for
photovoltaic application, were naturally performed in aqueous media.®**
However, water is known to decrease significantly photovoltaic performances
inducing photocurrent losses due to dye detachment,®* formation of iodate,* and
reduced electron lifetime.* Therefore, water was quickly replaced by organic
solvents and additives, able to provide much higher performances, that made
DSSCs a promising candidate for future commercialization.®**** However, these
components are often inflammable and toxic for human health and the
environment. Therefore, the idea of developing simple, efficient and completely
environmental friendly devices is still attractive.

Recently, several studies employing water-based electrolytes have been
published.”*® In particular, remarkable results have been achieved by O’Regan et
al., and Spiccia et al.”® In all these studies, the approach consists in employing
hydrophobic dyes to avoid their desorption from the surface. However, without
employing additional surfactant compounds, this approach would prevent
interaction of the electrolyte with the dye, avoiding dye regeneration and blocking
the completion of the photovoltaic cycle.

7.2. Aim of the study

To provide sufficient surface interaction and pores wettability, different
surfactants are generally added to the electrolyte composition. However, it is still
critical to enhance pore wettability, and such additives complicates the system,
vanishing the efforts to develop a non-toxic, simple and environmental friendly
system. Therefore, we proposed an innovative approach that consisted in tailoring
the molecular structure of the dye to make it hydrophilic, in order to have great
surface interaction without surfactants, but not water-soluble, in order to limit
desorption problems. Dye D35 is a robust and efficient dye,® whose hydrophobic
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character was turned into hydrophilic by substitution of alkyl chains with glycolic
ones. The resulting V35 (Figure 7) dye was tested in 100% water electrolytes,
yielding remarkable results.

pe O.
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R= % >N D35

s R= E/\/O\/\O/ V35

HOOC

Figure 7. Molecular structures of dyes D35 and V35.

7.3. Design and Synthesis

Design

Glycolic functionality has well-known hydrophilic properties and dyes with
glycolic chains have already been reported in literature with different purposes.'®®
192 particularly interesting is the study published by Kang et al., who investigate
dyes with glycolic chains of different lengths, for hydrogen production.'®®
Furthermore, surfactants based on high molecular weight PEG (Polyethylene
Glycol), have already been employed in water-based DSSCs systems.*® For these
reasons, and for their easy insertion in the dyes structure, glycolic chains were
selected to provide good interaction with water. The length of the employed
chains was established with the aim of provide great surface interaction, without
hindering the core of the dye and provide an easy synthetic route. Therefore, it
was decided to use the (methoxyethoxy)ethane length, whose bromo-derivative
was commercially available, and that already gave good results.'®® Dye D35 was
selected as a reference point because it represents an excellent compromise
between efficiency and ease of synthesis. Another more performing dyes, such as
LEG4," was initially taken into account for this study but, finally, we opted for a
more simple chromophore as prototype to test the new approach.
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Synthesis

The synthetic procedure for the realization of V35, is reported in Scheme 6.
Starting from commercially available 4-Bromoresorcinol and 1-bromo-2-(2-
methoxyethoxy)ethane, Williamson alkylation reaction afforded the glycolic
building block 1 in high yield. Reaction of the bromo-derivative 1 with n-BuLi
resulted in the formation of the correspondent lithium salt that, reacting with
Isopropoxy-dioxaborolane yielded the boronic ester 2. Intermediate 3 was already
known in literature and synthesized according to the reported procedure.®® Suzuki-
Miyaura cross-coupling reaction of boronic pinacol ester 2 and di-bromo
intermediate 3, afforded the desired compound 4 in high yield. Final Knoevenagel
condensation step of aldehyde 4 with cyanoacetic acid and a catalytic amount of
piperidine, resulted in the desired dye, V35.
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Scheme 6. Synthetic route of dye V35.
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7.4. Properties of the Sensitizer

In order to investigate its properties and possible modifications induced by the
presence of glycolic chains, V35 was optically and electrochemically
characterized. Furthermore, the interaction of V35 and D35 with water, was tested
by measuring the contact angles. Desorption studies in neutral and acidic
conditions, up to five months, were made.

Optical Properties

Dye V35 was optically characterized by UV-Vis absorption spectroscopy,
emission spectroscopy, and molar extinction coefficient. Figure 7.1 reports
absorption and emission spectra of V35 and D35, showing no significant
difference.
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Figure 7.1 Normalized absorption (left) and emission (right) spectra of V35
(solid lines) and D35 (dotted line).

The maximum absorption wavelength of V35 results only slightly
hypsochromically shifted with respect to D35, and the maximum emission
wavelength results slightly bathochromically shifted.
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Electrochemical Properties

The oxidation potential of V35 have been measured by cyclic voltammetry (CV)
and its oxidation profile is reported in Figure 7.2.
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Figure 7.2 Cyclic voltammetry of V35 in CH;CN vs Ag/Ag".

Table 6 reports the main optical and electrochemical parameters for V35 and D35.

Dye  Aas  Aemiss € Evomo  Ewumo  Eoo
(hm)*  (hm)* (Mlem™®)?® (NHE)® (NHE)* (eV)°

V35 495 722 27500 1.07 -1.11 2.18
D35 503 740 31000° 1.04 -1.12 2.16

Table 6 Main optical and electrochemical parameters of V35 and D35. Recorded
in CH,Cl,, "Measured by CV (V35 0.2 mM, LiClO, 0.1M in CH;CN) vs Ag/Ag’.
Reference electrode calibrated against an internal Fc/Fc' reference (using
E°(Fc/Fc') = 0.63 V vs NHE), “Estimated from the interception of the normalized
absorption and emission spectra, Estimated by subtracting Eqq from the
oxidation potential, ®Value reported in literature.'®*

From direct comparison of optical and electrochemical data, it is possible to state
that no remarkable differences emerged from the replacement by glycolic chains.
V35 and D35 dyes differ modestly exclusively in terms of light harvesting ability,
reflected in the values of molar extinction coefficient. Therefore, it is possible to
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conclude that the introduction of glycolic chains causes, in terms of the optical and
electrochemical measurements performed, only slightly reduced ability of the dye
to harvest light.

Hydrophilic/Hydrophobic Properties

The hydrophilicity/hydrophobicity of a surface can be easily and quickly
evaluated by measuring its contact angle. As previously reported, the surface
interaction of the dye with water is fundamental to provide good performances and
this approach is grounded on it. It has been shown that the optical properties and
the redox potentials of the dyes examined, do not differ significantly. Indeed, the
aim was only to turn the hydrophobic character of D35, into hydrophilic. Figure
7.3 shows the recorded images used for the evaluation of the contact angles (6 ,)
of D35 and V35. The measurement was performed by taking working electrodes
screen-printed with 2 layers of active paste (total thickness around 4.5 um),
sensitized with the different dyes. The deposition of a water drop on the sensitized
TiO,, reveals the dramatic difference in its interaction with D35 and V35.

Hydrophobic Hydrophilic
Surface Surface

O

6 >90° 6 <90°

D35/H,0, @, =124° "9 s o, V35/H,0, 9, = 41°

poor adhesiveness good
poor wettability good

Figure 7.3 Cross-sections of distilled water positioned on the top of working
electrodes sensitized with D35 (left) and V35 (right).

As depicted in Figure 7.3, contact angles greater than 90° indicate hydrophobic
character of the surface while, lower than 90° reveal hydrophilic interactions. This
trend is perfectly respected by hydrophobic D35, and hydrophilic dye V35,
exhibiting a 124° and 41° contact angles, respectively.

Desorption Properties

To test the tendency of V35 to desorb from the surface, transparent working
electrodes were sensitized with V35 and placed into 5 mL of water. The

45



absorption spectra recorded show the desorption

(Figure 7.4).
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Figure 7.4 Desorption spectra of V35 in distilled water (a) and a distilled water
buffer solution at pH 4.6 (b).

The mechanism that causes dye desorption has not been fully understood yet.
However, it is commonly known that in acidic solutions, dyes exhibit much lower
or no desorption problem. For this reason, water-soluble ruthenium complexes
have always been tested at pH values around 3.%% It should be also pointed out
that the volume of water is enormously bigger compared to the one injected in the
devices, therefore the equilibrium is completely shifted in favor of desorption. No
desorption in neutral water occurred inside the assembled devices. In addition, test
performed on the complete devices at different pHs buffer show very good and
stable data for cells until pH 9.0. The data here reported show that the most
significant desorption of dye occur in the initial 48 hours and then, suddenly slows

down until stabilization.
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7.5. Photovoltaic Performance

Dye V35 was tested in DSSCs employing I/15” as redox couple. Previous attempts
to use the Co(I1)/Co(l11) redox couple introduced by Spiccia et al. failed,” due to
the very poor solubility of the [Co(bpy)s](NOs), complex in water. Therefore, the
tests performed on V35 were inspired by the study recently reported by O’Regan
et al.”” According to this paper, CDCA and guanidinium salts acts as surfactant.
Therefore, it was decided to avoid these components in the initial tests, starting
from an electrolyte composed by Nal and I, in 100% distilled water, and some
variations. Figure 7.5 reports preliminary data obtained with these electrolytes.

—— V354MKI, 20mM |,

6,0 —— V35 2M KI, 20mM |,
5,54 V35 2M KI, 20mM |, pH 4.0
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Figure 7.5 J-V curves of DSSCs based on V35 dye, in 100% distilled water
electrolytes, platinum counter electrodes.

Table 7 reports in detail the photovoltaic parameters related to Figure 7.5.

Dye Electrolyte Jsc Voc FF n
(MACM?) (V) (%) (%)
V35 2 M Nal, 20 mM I, 2.30 500 67 0.80
2 MKI, 20 mM I, 4.07 550 70 155
2MKI, 20 mM I, pH 4.0 3.72 Sil5 73 140
4MKI,20mM |, 4.78 570 65 1.76
D35 2 M Nal, 20 mM I, 0.115 350 55 0.02
2MKI, 20 mM I, 0.115 375 54 0.05
4 M KI,20 mM I, 0.344 440 46  0.07

Table 7. Detailed photovoltaic parameters of the J-V curves reported in Figure7.5.

Moving from Nal to Kl is possible to observe a significant improvement in the
efficiency of the cells based on V35. Although no experiments were made in order
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to investigate this difference, it is possible to speculate that is probably related to
the ability of glycolic chains to coordinate small cations, such as Na*. The effect is
formally the same exhibited by the well-known crown ethers, and more likely
results in a reduced conductivity of the electrolyte that lowers the performances.
Experiments conducted employing a buffer solution at pH 4.0, reports lower
values. The decrease in open-circuit voltage is due to the polarization induced on
the surface by H* ions, that shifts positively the potential of the CB of Ti0,.”*®
However, J;. would be expected to increase, due to the larger driving force for
electron-injection. Here, it is actually observed the opposite trend, indicating that
acidic pH (generally necessary to water-soluble complexes to avoid desorption) is
not indicated for this system and confirming previously statements about the
stability of the dye in neutral water. The additional improvement observed by
using a higher concentration of KI, is probably due to the further shift in the
equilibrium that suppresses free iodine concentration.®” Finally, should be noticed
that, in these conditions, no current was recorded in the devices fabricated
employing D35.

At a later stage, the effects of guanidinium salts and chenodeoxycholic acid
(structure of CDCA reported in Figure 7.6) were studied separately and together,
in order to have insights on their properties. Table 8 reports the results obtained.

Dye Electrolyte Jsc Voc FF n
(MAcm?)  (mV) (%) (%)
V35 4 M KI, 20 mM I,, 0.2 GUSCN 3.83 550 68  1.42
4 MKI, 20 mM I,, 0.5 GUSCN 3.33 555 67 1.25
D35 4 M KI, 20 mM I,, 0.5 GUSCN 1.43 532 61 0.6
V35 2 M KI, 20 mM 1,, 0.2 GuSCN 3.22 545 68  1.20
2 M KI, 20 mM I,, 0.5 GuSCN 2.32 550 69 0.89
D35 2 M KI, 20 mM I, 0.5 GUSCN 0.104 488 46  0.23
V35 4 M KI, 20 mM 1,, cheno™ 4.86 600 76 2.20
D35 4 M KI, 20 mM l,, chenol® 0.627 580 77 028
V35 4 MKI, 20 mM I,, 0.5 GUSCN, cheno™ 4,71 582 66 1.81
D35 4 MKI, 20 mM I,, 0.5 GUSCN, cheno® 2.15 581 65 0.81

Table 8. Photovoltaic parameters of DSSCs employing GUSCN and CDCA, with Pt
counter electrodes. Working electrode sensitized 1:50 = dye:CDCA, electrolyte
solution in neutral water saturated with CDCA.

The available data show a different trend for V35 and D35. The addition of
GUSCN in the electrolyte composition, seems to have a bad effect on the
performances of the hydrophilic dye. Indeed, by making a comparison between
these results and the one recorded without GUSCN, the remarkable decrease of the
Jsc causes lower efficiency. On the other hand, the addition of CDCA results in a
very positive effect. The combination of the two components does not result in a
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synergistic effect, reflecting the bad effect that GUSCN has on V35. Different
effects are recorded for hydrophobic D35, which exhibits a synergistic effect
deriving from both GUSCN and CDCA. However, the data suggest that, employed
singularly, the guanidinium salt and chenodeoxycholic acid are able to provide
only slightly wetting. Furthermore, the synergistic effect is not able to exceed the
results obtained with V35. Finally, Table 8 confirms the better results obtained
employing 4 M KI, instead of 2 M.

Due to recent good performances reached with electropolymerized PEDOT
counter electrodes (on FTO glass),’* a comparison between Pt and PEDOT was
made. Table 9 report these results.

Dye Electrolyte Jsc Voc FF n
(MACm?) (V) (%) (%)
V35 4 MKI, 20 mM 1, (Pt ce) 478 570 65 1.76
4 M KI, 20 mM I, cheno™ (Pt ce) 4.86 600 76 220
2 M KI, 20 mM I,, 0.5 GUSCN (Pt ce) 2.32 550 69 0.89
4 M KI, 20 mM I, (PEDOT ce) 5.17 500 68 2.06
4 M KI, 20 mM I,, cheno™® (PEDOT ce) 5.26 625 74 245
2 M KI, 20 mM I,, 0.5 GUSCN (PEDOT ce) 3.35 540 71 1.29
D35 4 M K1, 20 mM I,, cheno™ (Pt ce) 0.627 580 77 0.28
4 M KI, 20 mM I,, cheno® (PEDOT ce) 1.18 605 61 0.44

Table 9. Photovoltaic parameters of DSSCs employing different counter
electrodes. Working electrode sensitized 1:50 = dye:CDCA, electrolyte solution
of neutral water saturated with CDCA.

PEDOT counter electrodes, surprisingly, outperform the platinum ones mainly
because of the increased photocurrent. In addition, PEDOT counter electrodes
represent a cheaper and environmental friendly alternative to Pt, since EDOT is
less expensive and the electropolymerization is carried out at room temperature,
using a 0.1 M of NaDS and 0.01 M of EDOT solution, in distilled water.
However, it should be pointed out that the preparation of PEDOT counter
electrodes must be meticulously careful, as PEDOT may easily peel off and detach
from the FTO surface, increasing resistance in the cell and leading to low
performances. In addition, it was noticed that a big number of samples get very
damaged after one or two weeks, as the electrolyte percolates in the PEDOT
matrix, leaking out of the cell and causing surlyn detachment.

Further optimization of iodine and CDCA concentration, lead to the best
performance recorded employing V35 (Figure 7.6, Table 10). It should be stressed
out that the efficiency achieved, 3% under 1 sun (4% under 0.5 sun) illumination,
is perfectly reflecting the state-of-the-art for D35-modified dyes in water
systems.”® However, in the study presented here, no additives and no ionic liquids
are employed, confirming the validity of this approach.
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Figure 7.6 J-V curves of the most performing DSSCs based on V35 dye (left),
molecular structure of CDCA (right).

Dye lo/Sun Jsc Voc FF n
(MAcm?)  (mV) (%) (%)
V358 1 6,85 650 67 3.01
05 4,16 635 70 404

Table 10. Photovoltaic parameters of the J-V curves in Figure 7.6. Working
electrode sensitized 1:15 = dye:CDCA, PEDOT ce, electrolyte solution: 2 M Kl, 10
mM |,, sat. CDCA in distilled water.

Lower iodine concentration significantly improved the V.. value, probably by
reducing recombination. In addition, electrolyte realized with 10mM iodine results
to be much lighter than the corresponding 20mM. Therefore, with lower amount
of iodine, the dye can capture more sunlight."® In order to compare the results
achieved, dyes V35 and D35 were also tested in O’Regan et al. best electrolyte,
employing 8 M Gul and 20 mM |, in deionized water (Table 11).

Dye Electrolyte Jsc Voc FF |
(MAcm?)  (mV) (%) (%)
V35 8 M Gul, 20 mM I, 3.77 500 61 1.16
8 M Gul, 20 mM I,, cheno® 5.76 550 62 197
D35 8 M Gul, 20 mM I, 3.13 500 63  1.00
8 M Gul, 20 mM I,, cheno® 5.89 520 64  1.95

Table 11. Photovoltaic parameters of DSSCs employing O’Regan’s electrolyte with
and without CDCA. [a]Working electrode sensitized 1:50 = dye:CDCA, electrolyte
in sat. CDCA water, PEDOT ce.
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Data reported in Table 11 show that by using such high concentration of
guanidinium salt, wettability is so high that both hydrophilic and hydrophobic
dyes perform in the same way. Measurements with and without CDCA show, once
again, its remarkable impact on the performances. However, the approach based
on a hydrophilic dye that does not need surfactants, as shown before, yields better
efficiency.

To further investigate the hydrophilicity/hydrophobicity as a function of the
amount of CDCA, and the electrolytes employed, contact angle measurements
were performed (Table 12).

Dye / Electrolyte Contact Angle
Dye:CDCA o/
V35 water®! 41
D35 water® 124
V35/1:5 water® 31
D35/ 1:5 water® 121
V35/1:15 water!® 34
D35/ 1:15 water® 111
V35/ 1:50 water 26
D35/ 1:50 water[® 104
V35/ 1:5 2 M KI, 10 mM I,, cheno™ 16
D35/1:5 2 M KI, 10 mM I, chenol® 98
Vv35/ 1:15 2 M KI, 10 mM I, cheno™ 22
D35/ 1:15 2 M KI, 10 mM I,, cheno™ a1
V35/ 1:50 2 M KI, 10 mM I,, cheno™ 15
D35/ 1:50 2 M KI, 10 mM I, cheno!™ 90
V35 2 MKI, 10 mM 1,” 41
D35 2 M KI, 10 mM I,® 91
V35 4 M KI, 10 mM 1,” 43
D35 4 M KI, 10 mM I,” 84
D35 8 M Gul, 20 mM 1, 77*

* After some time, total wetting was observed.

Table 12. Contact angle measurements. “INeutral water, ) Neutral water
saturated with CDCA.

The data collected in Table 12 prove that CDCA is able to provide only a
negligible increase of wettability and that, as previously demonstrated by the
results in Table 8, even in 1:50/D35:CDCA ratio, is not sufficient to make the
current flow. Therefore, the slightly increased wettability deriving from CDCA is
not sufficient to explain the remarkable enhancement in the performances and we
can firmly state that the efficiency deriving from the use of CDCA in combination
with V35, are not due to increased wettability. A possible explanation for the
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effect of CDCA can be found in the comparison between IPCE and electron
lifetime measurements performed on the most significant cell (Figure 7.7).
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Figure 7.7 IPCE (left) and electron lifetime (right) measurements. All the cells
were sealed with PEDOT ce.

These data suggest that CDCA seems to have a big influence in terms of electron
lifetime. This is also supported by the significant enhancement of the Vo, when
chenodeoxycholic acid is co-adsorbed on the surface of TiO,, indicating a
reduction of the recombination processes. Infact, the main difference between the
cells without CDCA and 1:50/dye:CDCA is related to the open-circuit voltage
(see Table 9) that impacts on the fill factor value, enhancing the performances
from 2.06% to 2.45%. Electron lifetime measurements show no significant change
between the best performing cell (red), and the one employing bigger amount of
CDCA and iodine (blue). On the other hand, the IPCE shows a great variance.
During the optimization process, it was found that the higher the amount of CDCA
is used, the higher the V. is. However, the more CDCA is employed, the less dye
is absorbed on the surface, which, in turn, drops the photocurrent down. A
reversed effect was observed modulating the concentration of I,. In this case,
concentrations higher than 20 mM were resulting in higher current but lower V.,
while concentrations lower than 10 mM vyielded devices with very high open-
circuit voltage, but low current. Therefore, by balancing all these effects, the
optimum conditions employed are reflected by the remarkable enhancement of the
IPCE spectra.

Finally, it is necessary to point out that the thickness of the scattering layer, as
well as the PEDOT counter electrodes employed, played a crucial role. The initial
studies, not reported here, were performed on DSSCs with one layer of active and
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one layer of scattering paste (total thickness around 5.0 um) and yielded
approximately half of the efficiencies presented. The introduction of a second
layer of scattering paste (total thickness around 7.5-8.0 um) brought remarkable
enhancement, probably due to a more efficient light collection.

7.6. Conclusion

An original approach, consisting in the development of an organic and
hydrophilic, prototype dye, was employed. The critical issue of wettability has
been solved and, simultaneously, desorption issues have been remarkably reduced.
Significant power conversion efficiencies, of 3% and 4% under 1 sun and 0.5 sun
illumination, respectively, were achieved. The efficiency, perfectly fitting in the
state-of-the-art for a modified version of D35 in water, was reached employing a
very simple and environmental friendly system. The roles of guanidinium salts
and chenodeoxycholic acid were investigated, leading to new insights about their
effects. In particular, it has been proved that CDCA, without surfactants (such as
Gu-salts in big amount), only slightly improve the wettability. Therefore, its
remarkable impact on the efficiency cannot be explained in terms of wettability.
Finally, a comparison between the conditions developed in this study, and the ones
reported by O’Regan et al., confirmed the advantages introduced by the new
approach.
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8. Concluding Remarks

The research reported in this thesis has investigated new geometries of organic
dyes for dye-sensitized solar cells. The new structures allow a greater variability
and modulation of optical and photovoltaic properties. The prototypes presented
show interesting features that should be fully explored by the realization of
optimized structures, employing the most performing building blocks available. In
addition, the multi-branched approach has been definitively proven to result in
enhanced stability, due to a stronger interaction with TiO, semiconductor.

Asymmetric tribranched dyes can conjugate characteristics deriving from the
tribranched design and the advantages of co-sensitization technique, opening
many possibilities for reaching higher performances. In particular, the possibility
to predict the absorption spectrum of the asymmetric tribranched from their
symmetric analogous, is a powerful tool that can be used to design new structures.
In this way, it would be possible to combine fragments that yield different values
of photocurrent and open-circuit voltage, and maximize their effects to reach
higher power conversion efficiency.

Water-based systems, combining low-cost and environmental friendly
characteristics, can be the key for future commercialization. However, much
fundamental research, in order to grasp and fully understand the effects deriving
from water, must be done. Furthermore, new components such as dyes and,
especially, redox couples, should be specifically developed for 100% water
systems. Infact, iodine itself is completely insoluble in water, the binding
constants of the 15" specie are very different from acetonitrile, and the components
used tend to sublimate very easily, making critical device assembly. All these
facts, made difficult the realization of devices with homogeneous electrolytes
solutions and very high reproducibility. Therefore, new components are necessary
in order to achieve further improvements.
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A new class of tribranched dye-sensitized solar cell (DSC)
sensitizers carrying two conjugated donors and two acceptor/
anchoring groups is introduced. The approach leads to sig-
nificantly different optical properties and enhanced stability

with respect to related di- and monobranched dyes and
yields power conversion efficiencies of up to 5.05%, which
is possibly limited by the computed nonoptimal dye packing
on the semiconductor surface.

Introduction

Solar energy has not yet found widespread use due to
the high cost of crystalline silicon panels, which are not
competitive with electricity generated from fossil fuels.[!]
Among the new approaches to solar energy conversion,
dye-sensitized solar cells (DSCs) have one of the best poten-
tial for high conversion efficiency and low-cost manufac-
ture.”! One strategic route to improving cell efficiencies in-
volves the optimization of the dye-sensitizer, which captures
photons to generate an electron/hole pair at the interface
with the inorganic semiconductor (TiO,) and the redox
electrolyte, respectively. The Ru complex bis(2,2'-bi-
pyridyl-4,4'-dicarboxylate)ruthenium(Il) (N719)?! is the
most representative DSC sensitizer, with power conversion
efficiencies exceeding 11%.1!

One of the main drawbacks of Ru'™-bipyridyl complexes
is the modest molar absorptivity of the low-energy absorp-
tion band (14200 m'cm™ at 530 nm for N719),2! which
hinders larger photocurrent densities and thus improved
efficiencies.!®! In the last years, metal-free organic dyes have
been proposed as alternative sensitizers to circumvent this
problem.[¥! Organic dyes are readily available, easier to pu-
rify, are relatively inexpensive to manufacture, and, most of
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all, are associated with an extended structural variety that
can be adjusted to optimize the spectral absorption proper-
ties. Although their efficiencies are still lower than those of
ruthenium sensitizers, very recently, values approaching, or
even exceeding, 10% have been reported, showing the great
potential of the new design.l”) The design of these efficient
chromophores, in analogy with most organic sensitizers, has
been based on a dipolar D-n-A structural motif, where “D”
is an electron-rich group, “n” is a conducting bridge, and
“A” an electron-poor moiety embedding the COOH an-
choring functionality for grafting onto the TiO, surface.
Triarylamine has been by far the most widely used D core.®!

In the search for improved optical and structural proper-
ties, we,l%) and others,!'%!1] have recently introduced a novel
model class of dibranched dianchoring organic sensitizers
composed of one donor and two anchoring groups (A-n-
D-n-A). We have shown that the dibranched dye DB-1
(Scheme 1) offers improved optical properties (higher molar
extinction coefficients and red-shifted absorption), in-
creased photocurrent, and enhanced stability compared to
its monobranched analogues.””) Recently, a porphyrin pos-
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Scheme 1. Reference photosensitizers.
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sessing two anchoring groups has been successfully applied
to DSC with a power conversion efficiency comparable to
that of N719 under the same conditions.'?

Here, we present an extension of this design, aimed at
further expanding the possibility of improving the optical
and energetic properties of the sensitizers. The new ap-
proach, based on a A-n-D-n'-D-n-A tribranched structural
motif (where n’ is other than =), implies the use of two
donor and two acceptor/anchoring fragments and different
n spacers, as pictorially depicted in Figure 1. Generally
speaking, the tribranched approach should allow a much
larger structural variety with respect both to the D-n-A
(Figure 1a) and A-n-D-n-A (Figure 1b) motifs due to the
presence of two donor and two acceptor groups and three
n-spacers. All of these constituent units can be fruitfully
selected and combined to finely tune the donor and ac-
ceptor strength, n-framework extension and, ultimately, the
optical, energetic, and photovoltaic response of the sensitiz-

01T

(®) :
T

OOH OOH
(a) D-n-A (b) An-D-n-A (c) A-rx-D-x'-D-r-A
Figure 1. Sch ic repr ion of monobranched D-rn-A, di-

branched A-n-D-n-A, and tribranched A-n-D-n'-D-n-A (this
work) structural motifs.

To design the new tribranched prototypes, we selected
some of the most common donor and m-spacer groups.
Namely, as donor cores we have adapted the common tri-
arylamino group'® by using the trans-4,4'-bis(diarylamino)-
stilbene and trans-4,4'-bis(diarylamino)distyrylbenzene
building blocks. The simple thiophene-based n-A-COOH
arm of L11'3 and C2130'" (Scheme 1), which we previously
chose as reference monobranched dyes, and which have
been used in other previously reported sensitizers,['5161 was
selected as a side-branch. Based on these premises, we de-
signed the tribranched dyes TB-1 and TB-2 (Scheme 2).

MeO
OMe
Wil
DA Ve
n

~ S =

NC_/ Sz
COOH TB-1:n=0 X-CN

TB-2:n=1 HOOC

Scheme 2. Investigated tribranched organic sensitizers.
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Here, we wish to report the fabrication of DSCs with the
novel sensitizers, and to disclose their photoelectrochemical
properties and stability data, which were measured under
various conditions. DFT/TDDFT calculations have been
performed in order to highlight the main properties associ-
ated with the tribranched geometry, both in solution and
on TiO, models.

Results and Discussion

Synthesis, Spectroscopic, and Electrochemical
Characterization

TB-1 and TB-2 were synthesized according to Scheme 3.
4-[N-(4-Methoxyphenyl)-N-phenylamino]benzaldehyde (1a)
171 was brominated in high yields to 1b using N-bromosuc-
cinimide (NBS) in anhydrous N,N-dimethylformamide
(DMF) while keeping the temperature between —5 and 0 °C.
At temperatures below —10 °C the yields were much more
modest (less than 50%) whereas at higher temperatures
(0 °C to r.t.) a complex mixture of brominated products was
recovered. After reduction to the corresponding brominated
alcohol 2b, the phosphonate 3b was directly prepared in one
step with I, using P(OEt); as a solvent. Horner-Witting
condensation between diethyl methylphosphonate 3b and
aldehyde 1b afforded the electron-rich brominated trans-
4,4'-bis(diarylamino)stilbene intermediate 4b. Similarly p-
phenylenevinylogue derivative Sb was prepared using tetra-
ethyl 1,4-phenylenebis(methylene)diphosphonate(!8! and
two equivalents of aldehyde 1b. It should be noted that aro-
matic bromination of the corresponding precursors 4a and
5a, which were obtained in a similar manner to that de-
scribed above from 1a and 3a, always lead to complex mix-
tures of mono- and polybrominated derivatives, regardless
of reaction conditions. Unfortunately, this result prevented
us from fully exploiting the high-yielding McMurry reac-
tion of 1a, which easily allowed the isolation of gram-quan-
tities of 4a in only one step. The two bromoderivatives 4b
and 5b were then submitted to the same reaction sequence,
involving the microwave-mediated Suzuki coupling reaction
with 5-formyl-2-thienylboronic acid'® to give the corre-
sponding 2-thiophenecarbaldehydes 6 and 7. The final
Knoevenagel condensation step with cyanoacetic acid and
piperidine, under microwave irradiation (which led to im-
proved yields), afforded the corresponding piperidinium
carboxylate derivatives of TB-1 and TB-2. The correspond-
ing carboxylic acids were then isolated after treatment with
saturated aqueous NH,CI.

The absorption and emission spectra of TB-1 and TB-2
are shown in Figure 2. The main optical parameters, to-
gether with those of reference mono- and dibranched dyes,
are collected in Table 1. Both TB-1 and TB-2 present two
bands in the visible region. Comparison with the absorp-
tion peak of the corresponding 4,4'-bis(diarylamino)stil-
bene 4a and bis(diarylamino)distyrylbenzene 5a building
blocks (393 and 415 nm in CH,Cl,, respectively) shows that
the higher energy visible band (393 and 421 nm in CH,Cl,
for TB-1 and TB-2, respectively) is attributed to a local
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Scheme 3. Synthesis of TB-1 and TB-2. Reagents and conditions: (i) NBS, DMF, -5 to 0 °C, 3 h; (ii) NaBH,, EtOH, 0 °C to r.t.; (iii) I,
P(OEt);, 0°C to r.t; (iv)n = 0, 1a or 1b, rBuOK, THF, 0°C to r.t.; (v)n = 1, tetraethyl 1,4-phenylenebis(methylene)diphosphonate,
tBuOK, THEF, 0°C to r.t.; (vi) TiCly, Zn, pyridine, THF; (vii) 5-formyl-2-thienylboronic acid, [Pd(dppf)Cl,], K,CO3;, MeOH/toluene,
70 °C, 10 min, microwave irradiation; (viii) cyanoacetic acid, piperidine, EtOH or toluene, 100 °C, microwave irradiation followed by
NH,CL.

transition of the donor core (see the Supporting Infor-
mation, Figure S1), whereas the lower energy band is asso-
ciated to the n—n* intramolecular charge transfer (CT) tran-

TB-1TB-2 TB-1 TB-2
1.0 -

I

nm

Figure 2. Normalized absorption (solid line) and emission (dashed
line) spectra of TB-1 and TB-2 in DMSO.
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sition from the electron-rich bis(diarylamino) moieties to
the 2-cyanoacrylic acid acceptor end-groups. Indeed, the
absorption peaks are almost identical in the two dyes, as a
consequence of the presence of the same donor-acceptor
side arm. Upon addition of a small amount of HCI, the
spectrum remains unchanged, confirming that both dyes
are present as carboxylic acids.”! This picture was con-

Table 1. Absorption and emission parameters of TB-1 and TB-2
compared to reference dyes.

Compound A,/ nm (¢ / M cm™) Aem / nm (D)
TB-10) 397 (40 900) 485 (0.058))
478 (35 800)
TB-2[b 421 (54 000) 540 (0.013)!
480 (40 200)
DB-16 494 (44 500)
L1 410 (25 800) 549
2131 482 (27 500) 660

[a] Fluorescence quantum yield; Coumarin 540A was used as a
standard (0.58 in EtOH). [b] This work (DMSO). [c] Aexe = 397 nm.
[d] Aexc = 421 nm. [e] Ref! (EtOH). [f] Ref.l'3] (tert-butyl alcohol/
acetonitrile, 1:1). [g] Ref.'¥ (THF).
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firmed by investigating the emission properties. Excitation
at Amax produced fluorescence spectra that were different in
TB-1 and TB-2, according to their different donor cores,
and resembled those of 4a (473 nm in CH,Cl,) and 5a
(504 nm in CH,Cl,), respectively.

The donor-acceptor CT band of the tribranched dyes is
hypsochromically shifted with respect to the monobranched
dye C213, although the former chromophores have a more
extended m-conjugated system. At the same time, TB-1 and
TB-2 present a significant hyperchromic effect, likely for the
same reason. Similar, albeit less pronounced, hypsochromic
effects are observed when the optical properties of the tri-
branched dyes are compared with those of the dibranched
sensitizer DB-1. In conclusion, the tribranched geometry
induces a negligible blueshift but a substantial increase in
absorbance with respect to mono- and dibranched dyes. In
addition, a second and more intense visible band at higher
energy is present due to local transitions of the donor core,
thus enabling more efficient sunlight harvesting in this re-
gion.

The electrochemical properties of TB-1 and TB-2 were
examined by cyclic voltammetry in dimethylformamide
(DMF). Using a glassy carbon working electrode, Pt
counter electrode, and 0.05 M tetrabutylammonium hexaflu-
orophosphate [TBA(PF¢)] as a supporting electrolyte, the
potentials measured vs. Fc*/Fc were converted into normal
hydrogen electrode (NHE) potentials by addition of
+0.63 V. TB-1 and TB-2 showed half-wave potentials corre-
sponding to molecular oxidation potentials at +0.91 and
+0.98 V vs. NHE, respectively. Their reduction potentials
were detected at —0.87 and —0.97 V vs. NHE, respectively.
By using the value of —4.5 eV vs. vacuum for NHE,['%) the
HOMO/LUMO energies were calculated as —5.4/-3.6 and
—5.5/-3.5 eV for TB-1 and TB-2, respectively.

Computational Investigation

To investigate the electronic structure of the representa-
tive TB-1 standalone dye and in relation to its constituent
subunits, DFT/TDDFT calculations were performed on
TB-1 and on the monobranched L1 and C213 systems. As
shown in Figure 3, in which the energy levels of the Molecu-
lar Orbitals (MOs) are reported, the introduction of the =
conjugated bridge linking the two monobranched subunits,
induces a significant perturbation (mixing) among the occu-
pied MOs. The strong mixing among the highest occupied
MO:s of the isolated building blocks is also evident by look-
ing at the plots of the HOMO, HOMO-1, HOMO-2,
LUMO, LUMO+1, and LUMO+2 of TB-1 reported in Fig-
ure 4. Taking the C213 dye as a reference monobranched
unit, it can be seen that the HOMO, which is located at
-5.90eV in C213, is split in the tribranched system into
three levels: the HOMO at —5.77 eV [mainly localized on
the donor trans-4,4'-bis(diarylamino)stilbene core], the
HOMO-1 at —-6.18 eV (essentially extended on the two
monobranched units), and the HOMO-2 at 6.91 eV (re-
sulting from the strong mixing of the MOs of the linker and
6198
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of the C213 blocks). As expected, the interaction between
the virtual orbitals is less pronounced, with the quasi-de-
generate LUMO and LUMO+1, being the combinations of
the LUMOs on the two monobranched units, and the
LUMO+2 localized on the linking n bridge. Although a
comparison between experimental electrochemical poten-
tials and calculated HOMO/LUMO energy levels is not
straightforward, we notice a rather good agreement be-
tween the calculated and experimental HOMO energy,
whereas the calculated LUMO is substantially less negative
than the electrochemical estimate. This is due to the em-
ployed exchange-correlation functional, which contains a
large percentage of Hartree-Fock exchange (ca. 42%), but
which, however, allows us to nicely reproduce the optical
properties of the dyes.

E(ev) L1 c213 TB-1
-1.0 + /ﬂ
20 + 216 .. =207 /i,z.ﬂ“
-3.0 +

-4.0 +

-5.0 +

60+ 615

7.0 4

Figure 3. Molecular orbital levels of L1, C213, and TB-1. The val-
ues were computed in the gas phase at the MPW1K/6-31G* level.

Lumo LUMO+1 LUMO+2

Figure 4. Isodensity surfaces of the HOMO, HOMO-1, HOMO-
2, LUMO, LUMO+1, and LUMO+2 of TB-1.
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The effect of the geometry of the tribranched dyes on the
optical properties of the sensitizer is shown in Table 2, in
which the lowest excitation energies and the corresponding
oscillator strengths of the three dyes in the gas phase are
compared. As could be expected on the basis of the molecu-
lar orbital energy diagram depicted in Figure 3, the lowest
absorption peak moves to longer wavelengths on going
from L1 to C213 as a consequence of HOMO destabiliza-
tion induced by the two electron-donor hexyloxy substitu-
ents, coupled to only a slight LUMO energy upshift. Com-
parison of the calculated values with the experimentally de-
termined band maxima is not straightforward because the
deprotonated dye was measured for L1, whereas the proton-
ation state of C213 is not clear. However, because proton-
ation/deprotonation can shift the absorption maxima by up
to 0.3 eV, the data presented here can be considered to
be in good overall agreement with the experimental values.
An absorption maximum of 479 nm was calculated for
C213, which can be compared with the 482 nm experimen-
tal value. For the protonated dye L1, a 461 nm absorption
maximum was calculated, which can be compared to the
404 nm maximum measured for the deprotonated dye.

Table 2. Computed lowest excitation wavelengths and oscillator
strengths in the gas phase and DMSO solution for TB-1, L1, and
C213.

Compound Aavs / M Oscillator strength
vacuum/DMSO vacuum/DMSO
TB-1 457/495 1.940/1.903
L1 421/461 1.228/1.316
C213 436/479 1.222/1.316

In the tribranched structure, the computed lowest ab-
sorption band is slightly red-shifted compared with C213
both in vacuo and in solution, with an oscillator strength
almost 70% larger than that of the monobranched systems.
The calculated value in solution (495 nm) is in excellent
agreement (within 0.1 eV) with the 478 nm experimental
data. The lowest energy and most intense transition of TB-
1 turns out to be a mixing of HOMO — LUMO (65%),
HOMO-1 - LUMO+1 (20%), and HOMO — LUMO+2
(5%) orbital excitations. The mixed nature of the main TB-
1 optical transition is responsible for the modest redshift
computed for this system compared with C213 [495 vs.
479 nm in dimethyl sulfoxide (DMSO) solution], despite the
sizeable reduction of the HOMO-LUMO gap computed for
TB-1 compared with C213 (3.61 vs. 3.83 eV).

To gain insight into the possible interaction between the
newly synthesized TB-1 dye and the nanostructured TiO,
semiconductor, we examined the optimized geometry of
TB-1 and docked the resulting structure (with no further
geometry optimization) onto extended TiO, models. The
optimized structure of TB-1 shows two conformers, a more
stable conformer with a transoid arrangement of the two
branches (Figure SA) and a less stable conformer (Fig-
ure 5B) corresponding to a cisoid arrangement of the two
branches. The A transoid conformer was calculated to be
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of Organic Chemistry
5.3 kcal/mol more stable than the B cisoid conformer, poss-
ibly because of the preferential arrangement of the aromatic
moieties around the N-terminated bridge.

B - cisoid conformer

Figure 5. Optimized molecular structures of the A and B TB-1 con-
formers.
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Figure 6. Possible interaction of TB-1 conformers A and B with
the TiO, substrate.
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As can be noticed from Figure 6, the more stable A con-
former exhibits a non-optimal interaction with the TiO,
surface, which might reduce the dye molecular packing on
TiO,, which, in turn, may impact the photovoltaic perform-
ance, as discussed below. The less stable B conformer shows
better dye packing on TiO,, occupying essentially a similar
space to that expected for two single branched dyes. The
lower stability in solution, however, might imply that this
conformer is present as a minor fraction upon adsorption
onto TiO,.

Photovoltaic Investigation in DSCs

The new sensitizers, TB-1 and TB-2, were used to fabri-
cate DSCs to explore the current-voltage characteristics.
The incident monochromatic photon-to-current conversion
efficiency (IPCE) of TB-1 plotted as a function of excitation
wavelength exhibits a high value at plateau (81 %) and more
than 70% from 400 to 560 nm (Figure 7). In contrast, al-
though exhibiting a photoelectrochemical response in a
similar wavelength range, the IPCE of TB-2 showed a
slightly lower maximum value of 75%. The integrated cur-
rent under the IPCE curve is 10.8 and 9.5 mA cm2, for TB-
1 and TB-2, respectively, which is consistent with the photo-
current of solar cells under standard global AM 1.5 solar
conditions (see below). The main photovoltaic parameters
are shown in Figure 8 and Table 3. The TB-1 cell showed a
10.9 mA cm2 short circuit current density (Ji.), 641 mV of
open circuit voltage (V,.), and 72.5% fill factor (ff) at stan-
dard global AM 1.5 solar conditions. Thus, the TB-1 power
conversion efficiency #, derived from the equation 7 = J,.
X Voo X ff, is 5.05%. Under similar conditions, the TB-2
cell performance showed a J,. value of 9.65mAcm2
662 mV V,, and a fill factor of 70.6, resulting in a power
conversion efficiency (n) of 4.51%. The different J,. value
is consistent with the estimate obtained by IPCE integra-
tion. All devices showed a very linear response of J,. and a
slightly higher ff under a lower light intensity (see Table 3).

IPCE/%

400 450 500 550 600 650 700
Wavelength/nm

Figure 7. Photocurrent action spectra of TB-1 and TB-2 DSCs.
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Figure 8. The J/V characteristics of DSCs based on TB-1 and TB-
2 under various light intensities.

Table 3. Photovoltaic parameters of TB-1 and TB-2 compared with
reference dyes.

Compound Ip/sun Ji./mAem? V,./V  FFIl% nl%
TB-1 1 10.9 641 72.5 5.05
0.5 545 616 74.5 5.01

0.10 1.10 558 76.6 4.75

TB-2 1 9.65 662 70.6 4.51
0.5 4.84 640 72.6 4.50

0.10 0.99 584 73.6 4.30

L1013 1 5.42 735 69 2.75

1 12.8 620 66 520

C21304 1 11.9 775 74.7 6.88

It is interesting to compare the photovoltaic data ob-
tained for TB-1 and TB-2 with the previously reported de-
vice data obtained for the related L1 and C213 dyes. A sur-
vey of such data is reported in Table 3, showing that the
difference between TB-1 and the better performing C213 is
mainly related to an approximate 20% increase in V. ob-
tained for the latter, which, together with a 9% (3%) in-
crease in Jy. (ff), provides an overall 36% increase in 7. The
incorporated long alkoxy chain in C213 could also justify
the higher V.. Indeed, Hagberg et al. have recently shown
a correlation between V,. and bulky butoxy chains.'s) A
similarly higher ¥, is obtained for L1, despite the fact that
a larger amount of Lil (0.1 and 0.05 M, respectively) was
used than in the present investigation (0.05 m).['>!4] Thus,
it is quite unlikely that the reduced ¥, value obtained with
TB-1 and TB-2 is due to the composition of the electrolyte,
which renders the higher J,.. We could speculate that the
unfavorable interaction with TiO, discussed on the basis of
the structural parameters of the dye is responsible for the
lower V,., whereby the non-optimal dye packing on the
semiconductor surface would allow the oxidized species in
the electrolyte to approach the surface, thus increasing re-
combination between electrons injected into TiO, and the
electrolyte. However, we did not observe increased recombi-
nation rates in TB-1 and TB-2 when compared with mono-
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branched dye D5 (see the Supporting Information, Fig-
ure $6).12!1 Moreover, the measured dye loadings®®? of TB-
1 (4.8 X 10® molem™2) and TB-2 (4.1 X 10~® molcm™2) on 3-
um TiO, films were 96 and 82% with respect to that of
monobranched dye D5 (4.1 X 10 molcm™2) under same
conditions. In other words, neither overloaded dyes nor fast
recombination were observed in TB-1 and TB-2.

We previously reported that dibranched dyes, having two
anchoring groups, showed good stability data when em-
ployed in DSCs.! It was thus interesting to test the tempo-
ral stability of DSCs fabricated with the new TB-1 and TB-
2 dyes. Figure9 shows the photovoltaic performance
changes during a long-term accelerated ageing of TB-1 and
TB-2 sensitized solar cells using an ionic liquid electrolyte
(1,3-dimethylimidazoliumiodide/1-ethyl-3-methylimida-
zoliumiodide/1-ethyl-3-methylimidazolium tetracyanobor-
ate/iodine/ N-butylbenzoimidazole/guanidinium thiocyanate
with molar ratio 12:12:16:1.67:3.33:0.67) under light soak-
ing at full intensity (100 mW cm™2) at 60 °C. Values for Ji,
Voo ff, and n were recorded over a period of 1000 h. The
overall efficiencies of TB-1 and TB-2 remained at 88 and
74% of the initial value, respectively, after light soaking.
These stabilities are an improvement over our previously
reported dibranched dye DB-1, which exhibited a 67% re-
sidual value. The J, values of both TB-1 and DB-2 showed
a drop at the initial ageing stage but recovered after 300 h
of ageing. The reason for this drop of J is not clear at this
stage. The losses in # are mainly caused by the drop in V.,
namely 68 and 55mV for TB-1 and TB-2, respectively,

Voc I mV

Fill factor

Efficiency / %

Figure 9. Photovoltaic parameter (Jy., Vo, ff, and #) variations with
ageing time for the devices sensitized with TB-1 (closed symbols)
and TB-2 (open symbols) based on ionic liquid electrolyte during
successive light soaking for 1000 h.

Eur. J. Org. Chem. 2011, 6195-6205

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur]OC.

which is likely caused by protonation processes that take
place during light soaking, leading to a positive shift of the
TiO, band edge.??

Conclusions

We have introduced a novel design based on tribranched
organic sensitizers, carrying two donors, two acceptors,
three m spacers, and two anchoring points. Such molecular
architecture should provide more variety in the sensitizer
chemical structure, allowing further structural optimization
that can be tailored to achieve the desired properties. Com-
parison of DSCs based on the tribranched dyes TB-1 and
TB-2 with the corresponding monobranched system C213
shows a decrease in power conversion efficiency, mainly due
to lower photovoltages in the former system. This was as-
cribed to the selected electrolyte for higher photocurrents,
and to the computed non-optimal interaction with the TiO,
surface, which might reduce the molecular packing of the
dye and favor detrimental recombination between the semi-
conductor and oxidized electrolyte. However, it should be
noted that the twisted structure of the adsorbed transoid
conformer is particularly suitable for efficient interaction
with the chemisorption sites, for which a distance of 10.2 A
was measured.?! Furthermore, such adsorption geometry
inhibits aggregation as a result of steric hindrance. Indeed,
the efficiency stabilities of DSCs based on TB-1 and TB-2
after light soaking are improved with respect to dibranched
DB-1, which, in turn, offers increased stability with respect
to the corresponding monobranched dyes.[”) Although the
two first prototypes did not offer improved power conver-
sion efficiencies with respect to the conventional uni-dimen-
sional design, we believe that the tribranched design could
trigger the development of optimized systems through the
incorporation of appropriate new branches.

Experimental Section

General: NMR spectra were recorded with a Bruker AMX-500
spectrometer operating at 500.13 MHz ('H). Coupling constants
are given in Hz. High resolution mass spectra (HRMS) were re-
corded with a Bruker Daltonics ICR-FTMS APEX II spectrometer
equipped with an electrospray ionization (ESI) source. Flash
chromatography was performed with Merck grade 9385 silica gel
230-400 mesh (60 A). Reactions were performed under nitrogen in
oven-dried glassware and monitored by thin layer chromatography
using UV light (254 and 365 nm) as a visualizing agent. All rea-
gents were obtained from commercial suppliers at the highest pu-
rity grade and used without further purification. Anhydrous sol-
vents were purchased from Sigma-Aldrich and used without further
purification. Toluene and MeOH were dried with CaCl, and
MgSO,, respectively. Extracts were dried with Na,SO, and filtered
before removal of the solvent by evaporation. Melting points are
uncorrected. Absorption spectra were recorded with a V-570 Jasco
spectrophotometer. Emission spectra were recorded with a FP6200
Jasco spectrofluorometer. Fluorescence spectra were collected by
exciting at the maximum of absorption. Fluorescence quantum
yields @ were recorded by using the relative comparative method
with a standard sample of known & value and optically dilute solu-
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tions.!? Coumarin 540A in EtOH (& = 0.58) was used to estimate
fluorescence quantum yields.?s The absorbance at excitation wave-
lengths were kept below 0.1. Refractive index (DMSO 1.477, EtOH
1.359) corrections were included in order to account for the dif-
ferent solvents of the test and the reference solutions. Infrared spec-
tra (IR) were recorded with an ATR-FTIR Perkin-Elmer Spectrum
100 spectrometer.

4-| N-(4-Bromophenyl)- N-(4-methoxyphenyl)amino]benzaldehyde
(1b): A solution of NBS (0.65 g, 3.63 mmol) in anhydrous DMF
(3 mL) was slowly added to a stirred solution of 4-[N-(4-meth-
oxyphenyl)-N-phenylamino]benzaldehyde (1a)('”] (1.00 mg,
3.30 mmol) in the same solvent (10 mL). The solution was kept at
-5 to 0°C for 3 h. The reaction mixture was poured into water
(50 mL) and the formation of a yellow precipitate was observed.
The solid was filtered under reduced pressure to yield the pure
product (1.12 g, 2.93 mmol, 89%) as a green gummy solid. 'H
NMR ([Dg]DMSO): é = 9.77 (s, 1 H), 7.72 (d, J = 8.8 Hz, 2 H),
7.56 (d, J = 8.8 Hz, 2 H), 7.18 (d, J = 8.9Hz, 2 H), 7.13 (d, J =
8.8 Hz, 2 H), 7.02 (d, J = 8.9 Hz, 2 H), 6.87 (d, J = 8.7 Hz, 2 H),
3.78 (s, 3 H) ppm.

4-|N-(4-Methoxyphenyl)-N-phenylamino]benzyl Alcohol (2a): A
solution of NaBH, (0.22 g, 5.81 mmol) in THF (15 mL) was added
to an ice-cold and stirred solution of 1a (1.48 g, 4.88 mmol) in the
same solvent (25 mL). The mixture was warmed to r.t. and stirred
overnight. The solvent was partially evaporated under reduced
pressure, then Et,O (15 mL) and water (30 mL) were added. After
separating the organic phase, the aqueous layer was extracted with
Et;0 (3X15mL). The combined organic phases were dried and
the solvent evaporated to afford the product as a yellow waxy solid
(1.45 g, 4.75 mmol, 97%). '"H NMR (CDCl,): 6 = 7.24-7.19 (m, 4
H), 7.06 (d, J = 8.9 Hz, 2 H), 7.03 (d, J = 7.5 Hz, 2 H), 7.02 (d, J
=8.4Hz, 2 H), 6.96 (t, J = 7.3 Hz, 1 H), 6.84 (d, J = 8.9 Hz, 2 H),
3.80 (s, 3 H) ppm.

4-| N-(4-Bromophenyl)-N-(4-methoxyphenyl)amino]benzyl Alcohol
(2b): A solution of NaBH, (0.23 g, 6.15 mmol) in EtOH (15 mL)
was added to an ice-cold and stirred solution of 1b (1.96 g,
5.13 mmol) in the same solvent (50 mL). The mixture was warmed
to r.t. and stirred overnight. Et,O (15 mL) and water (30 mL) were
then added, the organic phase was separated, and the aqueous layer
was extracted with Et;O (3 X 15 mL). The combined organic phases
were dried and the solvent was evaporated. The product was ob-
tained as a yellow waxy solid (1.21 g, 3.14 mmol, 61%). '"H NMR
([Dg]DMSO): 6 = 7.36 (d, J = 8.9 Hz, 2 H), 7.24 (d, J = 8.3 Hz, 2
H), 7.03 (d, J = 8.9 Hz, 2 H), 6.97 (d, J = 8.4 Hz, 2 H), 6.93 (d, J
=89 Hz, 2 H), 6.78 (d, J = 8.9 Hz, 2 H), 5.11 (t, J = 5.5 Hz, 1 H),
4.44 (d, J = 52 Hz, 2 H), 3.75 (s, 3 H) ppm.

Diethyl 4-|N~(4-Methoxyphenyl)-/N-phenylamino]benzylphosphonate
(3a): Alcohol 2a (1.45 g, 4.75 mmol) was dissolved in P(OEt),
(10 mL) at 0 °C and I, (1.27 g, 5.00 mmol) was added in one pot.
The reaction mixture was warmed to r.t. and stirred overnight. The
excess of P(OEt); was distilled off under reduced pressure and the
pure product was obtained after filtration through silica gel (n-
hexane to AcOEt/petroleum ether, 8:2) as a clear oil (1.24 g,
2.91 mmol, 62%). '"H NMR (CDCl,): 6 = 7.19 (t, J = 8.5 Hz, 2 H),
7.13 (dd, J = 8.6, 2.5 Hz, 2 H), 7.04 (d, J = 8.9 Hz, 2 H), 7.00 (d,
J =17.6Hz, 2 H), 697 (d, J = 8.0Hz, 2 H), 6.92 (t, J = 7.3 Hz, 1
H), 6.82 (d, J = 8.9 Hz, 2 H), 4.06 (quintet, J = 7.1 Hz, 4 H), 3.79
(s, 3 H), 3.08 (d, J = 21.3 Hz, 2 H), 1.26 (t, J = 7.1 Hz, 6 H) ppm.

Diethyl 4-|N-(4-Bromophenyl)-N-(4-methoxyphenyl)amino]benz-

ylphosphonate (3b): Alcohol 2b (1.21 g, 3.14 mmol) was dissolved
in P(OEt); (10 mL) at 0 °C and I, (0.96 g, 3.78 mmol) was added
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in one pot. The reaction mixture was warmed to r.t. and stirred
overnight. The excess of P(OEt); was distilled off under reduced
pressure and the pure product was obtained after filtration through
silica gel (n-hexane to EtOH), as a clear oil (1.50 g, 2.98 mmol,
94%). '"H NMR ([Dg]DMSO): 6 = 7.37 (d, J = 8.9 Hz, 2 H), 7.19
(dd, J = 8.5, 2.3 Hz, 2 H), 7.03 (d, J = 8.8 Hz, 2 H), 6.94 (d, J =
8.8 Hz, 4 H), 6.69 (d, J = 8.8 Hz, 2 H), 4.01 (quintet, J = 8.2 Hz,
4 H), 3.75 (s, 3 H), 3.16 (d, J = 21.3 Hz, 2 H), 1.25 (t, J = 7.1 Hz,
6 H) ppm.

Pp:p'-Bis|N-(4-methoxyphenyl)-N-phenylamino]stilbene (4a)

Route A (Scheme 3, step iv): /BuOK (0.18 g, 1.60 mmol) was added
to an ice-cold and stirred solution of diethyl benzylphosphonate 3a
(0.48 g, 1.12 mmol) in THF (20 mL). After 30 min, a solution of
benzaldehyde 1a (0.34 g, 1.12 mmol) in the same solvent (10 mL)
was added dropwise and the resulting mixture was stirred at r.t. for
24 h. The solvent was partially evaporated under reduced pressure,
then AcOEt (20 mL) and water (50 mL) were added. After collect-
ing the organic phase, the aqueous layer was extracted with AcOEt
(3X20mL), and the combined organic phases were dried and the
solvent was evaporated under reduced pressure to afford an orange
oil, which was submitted to flash chromatography (Et,O/cyclohex-
ane, 3:7). The pure product was obtained as a yellow-orange solid
(0.14 g, 0.24 mmol, 22%), m.p. 161-162 °C. '"H NMR (CDCl,): 6
=7.30(d, J=8.6Hz,4 H),7.22 (t, J = 7.5Hz, 4 H), 7.08 (d, J =
89 Hz, 4 H), 7.06 (d, J = 8.6 Hz, 4 H), 6.99 (d, J = 8.1 Hz, 4 H),
6.95 (t, J = 7.3 Hz, 2 H), 6.91 (s, 2 H), 6.85 (d, J = 8.9 Hz, 4 H),
3.81 (s, 6 H) ppm.

Route B (Scheme 3, step vi): Zn (2.16 g, 32.9 mmol) was suspended
in anhydrous THF (50 mL) and the suspension was cooled to
-20°C. TiCl, (3.13 g, 16.5 mmol) was added dropwise (formation
of a yellow precipitate was observed). The suspension was heated
to reflux for 30 min (gradual darkening was observed). The mixture
was cooled to —15 °C and a solution of benzaldehyde 1a (2.50 g,
8.2 mmol) and anhydrous pyridine (1.69 g, 21.4 mmol) in anhy-
drous THF (20 mL) was added dropwise. The resulting suspension
was heated to reflux for 2 h and then poured into a 3:2 mixture
of water and CH,Cl, (100 mL). The dark suspension was filtered
through a pad of Celite. The organic phase was separated, extracted
with water (3 X30 mL), dried, and the solvent evaporated under
reduced pressure to yield the pure product as a yellow solid (2.00 g,
3.48 mmol, 84%).

p,p'-Bis|N-(bromophenyl)- N-(4-methoxyphenyl)amino]stilbene (4b):
tBuOK (0.42 g, 3.70 mmol) was added to an ice-cold and stirred
solution of diethyl benzylphosphonate 3b (1.50 g, 2.97 mmol) in
anhydrous THF (20 mL). After 30 min, a solution of aldehyde 1a
(1.22 g, 3.20 mmol) in the same solvent (10 mL) was added drop-
wise and the resulting mixture was stirred at r.t. for 24 h. The sol-
vent was partially evaporated under reduced pressure, then Et,0
(20 mL) and water (50 mL) were added. After collecting the
organic phase, the aqueous layer was extracted with Et,0
(320 mL). The combined organic phases were dried and the sol-
vent evaporated to afford the pure product as a yellow-orange solid
(0.99 g, 1.35 mmol, 46%). '"H NMR ([D¢]DMS0): § = 7.60 (d, J =
8.8 Hz, 4 H), 7.52 (d, J = 8.8 Hz, 4 H), 7.16 (d, J = 8.9 Hz, 4 H),
7.08 (d, J = 8.8 Hz, 4 H), 7.01 (s, 2 H), 7.00 (d, J = 8.9 Hz, 4 H),
6.88 (d, J = 8.8 Hz, 4 H), 3.78 (s, 6 H) ppm.

P:p'-Bis|N-(4-methoxyphenyl)- V-phenylamino]distyrylbenzene (5a):
tBuOK (0.11 g, 0.99 mmol) was added to an ice-cold and stirred
solution of the tetraethyl 1,4-phenylenebis(methylene)diphos-
phonate’® (0.15 g, 0.41 mmol) in anhydrous THF (20 mL). After
30 min, a solution of aldehyde 1a (0.25 g, 0.82 mmol) in the same
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solvent (5 mL) was added dropwise and the resulting mixture was
stirred at r.t. for 36 h. The solvent was partially evaporated under
reduced pressure, then AcOEt (50 mL) and water (100 mL) were
added. After collecting the organic phase, the aqueous layer was
extracted with AcOEt (3 X 30 mL). The combined organic phases
were dried and the solvent was evaporated to afford an orange oil.
The crude product was purified by flash chromatography (Et,O/
cyclohexane, 7:3) to give the product as a yellow-orange solid
(0.15 g, 0.22 mmol, 54%). 'H NMR ([Dg]DMSO): § = 7.55 (s, 4
H), 7.48 (d, J = 8.9 Hz, 4 H), 7.29 (t, J = 8.6 Hz, 4 H), 7.20 (d, J
=16.2 Hz, 2 H), 7.08 (d, J = 16.2 Hz, 2 H), 7.07 (d, J = 9.0 Hz, 4
H), 7.01 (t, J = 6.3 Hz, 2 H), 7.00 (d, J = 8.4 Hz, 4 H), 6.96 (d, J
=9.0 Hz, 4 H), 6.89 (d, J = 8.4 Hz, 4 H), 3.90 (s, 6 H) ppm.

p,p'-Bis|N-(bromophenyl)- N-(4-methoxyphenyl)amino]distyryl-
benzene (5b): 1BuOK (0.49 g, 4.32 mmol) was added to an ice-cold
and stirred solution of the tetraethyl 1,4-phenylenebis(methylene)
diphosphonate!'8! (0.68 g, 1.80 mmol) and 1b (1.38 g, 3.61 mmol)
in anhydrous THF (30 mL). The resulting mixture was stirred at
r.t. for 6 h. The solvent was partially evaporated under reduced
pressure, then AcOEt (30 mL) and water (50 mL) were added. The
combined organic phases were dried and the solvent removed un-
der reduced pressure to afford an orange oil, which was purified
by flash chromatography (CH,Cl,/hexane, 1:1) to give the product
as a yellow solid (0.97 g, 1.16 mmol, 65%). '"H NMR ([Dg]DMSO):
d=17.56 (s, 4 H), 7.51 (d, J = 8.7Hz, 4 H), 742 (d, J = 8.9 Hz, 4
H), 7.22 (d, J = 16.3 Hz, 2 H), 7.11 (d, J = 16.4 Hz, 2 H), 7.08 (d,
J=89Hz 4 H), 697 (d, J = 9.1 Hz, 4 H), 6.95 (d, J = 9.0 Hz, 4
H), 6.89 (d, J = 8.9 Hz, 4 H) 3.77 (s, 6 H) ppm.

p,p'-Bis{N-|(5-formyl-thien-2-yl)phenyl]- N-(4-methoxyphenyl)-
amino}stilbene (6): A solution of 5-formyl-2-thienylboronic acid
(213 mg, 1.36 mmol) and K,COj3 (481 mg, 3.75 mmol) in anhy-
drous MeOH (3 mL) was added to a solution of dibromo derivative
4b (250 mg, 0.34 mmol) and [Pd(dppf)Cl,] (55.7 mg, 0.068 mmol)
in anhydrous toluene (2.5 mL). The mixture was heated by micro-
wave irradiation at 70 °C for 10 min. After adding water (30 mL),
the mixture was extracted with CH,Cl, (3 X 30 mL), the combined
organic extracts were dried, and the solvent was removed by rotary
evaporation leaving a residue that was taken up with hot EtOH.
The product was obtained as a brown solid (210 mg, 0.26 mmol,
78%). 'H NMR ([Dg]DMSO): 5 = 9.87 (s, 2 H), 8.01 (d, J = 4.0 Hz,
2 H), 7.68 (d, J = 8.7 Hz, 4 H), 7.61 (d, J = 4.0 Hz, 2 H), 7.53 (d,
J =8.7Hz, 4 H), 7.12 (d, J = 8.7 Hz, 4 H), 7.11 (s, 2 H), 7.04 (d,
J =8.6Hz, 4 H), 6.99 (d, J = 8.9 Hz, 4 H), 6.95 (d, J = 8.7Hz, 4
H) 3.78 (s, 6 H) ppm.

psp'-Bis{N-|(5-formyl-thien-2-yl)phenyl]- N-(4-methoxyphenyl)-
amino}distyrylbenzene (7): A solution of 5-formyl-2-thienylboronic
acid (220 mg, 1.44 mmol) and K,CO; (510 mg, 3.95 mmol) in an-
hydrous MeOH (3 mL) was added to a solution of dibromo deriva-
tive 5b (303 mg, 0.36 mmol) and [Pd(dppf)Cl,] (59 mg, 0.072 mmol)
in anhydrous toluene (2.5 mL). The mixture was heated by micro-
wave irradiation at 70 °C for 10 min. The reaction was quenched
by the addition of water (30 mL) and extracted with CH,Cl,
(3 X 30 mL). The combined organic extracts were dried and the sol-
vent removed by evaporation under reduced pressure, leaving a resi-
due that was taken up with hot EtOH. The product was obtained as
a brown solid (290 mg, 0.32 mmol, 89%). '"H NMR ([D¢g]DMSO): 6
=9.87 (s, 2 H), 8.01 (d, J = 4.0Hz, 2 H), 7.69 (d, J = 8.7Hz, 4
H), 7.61 (d, J = 3.9 Hz, 2 H), 7.58 (s, 4 H), 7.56 (d, J = 8.6 Hz, 4
H), 7.25 (d, J = 16.4 Hz, 2 H), 7.15 (d, J = 16.4 Hz, 2 H), 7.13 (d,
J = 8.8 Hz, 4 H), 7.05 (d, J = 8.5Hz, 4 H), 7.00 (d, J = 8.9 Hz, 4
H), 6.97 (d, J = 8.7 Hz, 4 H), 3.78 (s, 6 H) ppm.
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TB-1: Cyanoacetic acid (0.26 g, 3.02 mmol) and a catalytic amount
of piperidine were added to a solution of bis-aldehyde 6 (80 mg,
0.10 mmol) in EtOH (5 mL). The mixture was heated by microwave
irradiation at 100 °C for 1 h and then water (30 mL) was added.
The formed precipitate was collected and dissolved in CH,Cl,. Af-
ter extracting the solution with saturated aqueous NH,Cl, the or-
ganic phase was separated, dried, and the solvent removed by ro-
tary evaporation to afford the crude product, which was purified
as a dark-red solid by recrystallization (AcOH) (0.021g,
0.02 mmol, 23%); m.p. > 200 °C (dec.). '"H NMR ([D¢g]DMSO): §
=8.09 (s, 2 H), 7.69 (d, J = 3.9Hz, 2 H), 7.59 (d, J = 8.7 Hz, 4
H), 7.50 (d, J = 8.7 Hz, 4 H), 748 (d, J = 3.9 Hz, 2 H), 7.10 (d, J
= 8.9 Hz, 4 H), 7.08 (s, 2 H), 7.01 (d, J = 8.6 Hz, 4 H), 6.98 (d, J
= 8.8 Hz, 4 H), 6.97 (d, J = 8.5Hz, 4 H) 3.78 (s, 6 H) ppm. IR
(neat): ¥ = 3500-2000 (s), 2217 (m), 1712 (s), 1571 (vs), 1502 (vs),
1424 (vs), 1317 (vs), 1283 (s), 1239 (vs), 1178 (vs), 1059 (s), 1027
(s), 797 (s) cm™'. HRMS-ESI: m/z = 463.11390 [(M — 2H)/2 requires
463.11164], 419.12302 [(M - 2COOH)/2 requires 419.12181].
Cs6HaoN4OgS5: caled. C 72.39, H 4.34, N 6.03; found C 72.28, H
4.76, N 6.29.

TB-2: Cyanoacetic acid (0.33 g, 3.89 mmol) and a catalytic amount
of piperidine were added to a solution of bis-aldehyde 7 (0.174 g,
0.19 mmol) in toluene (5 mL). The mixture was heated by micro-
wave irradiation at 100 °C for 40 min. The reaction was quenched
by the addition of saturated aqueous NH,CI (30 mL). The formed
solid was collected to afford, after recrystallization (AcOH), the
pure product as a dark-red solid (0.081 g, 0.08 mmol, 41%); m.p.
> 200 °C (dec.). '"H NMR ([D¢]DMSO): 5 = 8.43 (s, 2 H), 7.97 (d,
J=39Hz, 2 H), 7.68 (d, J = 8.7Hz, 4 H), 7.63 (d, J = 3.9 Hz, 2
H), 7.59 (s, 4 H), 7.56 (d, J = 8.7 Hz, 4 H), 7.25 (d, J = 16.3 Hz, 2
H), 7.15 (d, J = 16.3 Hz, 2 H), 7.14 (d, J = 8.7 Hz, 4 H), 7.06 (d,
J=84Hz 4 H), 7.00 (d, J = 8.8 Hz, 4 H), 6.99 (d, J = 8.5Hz, 4
H), 3.78 (s, 6 H) ppm. IR (neat): ¥ = 3260-2000 (s), 2215 (m),
1685 (s), 1565 (vs), 1506 (vs), 1408 (vs), 1318 (vs), 1287 (vs), 1243
(vs), 1220 (vs), 1193 (vs), 1181 (vs), 1063 (m), 828 (w), 801 (w)
cm™. HRMS-ESL: m/z = 514.13783 [(M — 2H)?2 requires
514.13512], 470.14602 [(M - 2COOH)/2 requires 470.14529].
Ce4HasN4O6S,°4H,0: caled. C 69.67, H 4.93, N 5.08; found C
70.03, H 4.67, N 5.07.

Computational Details: DFT and TDDFT calculations were carried
out using the Gaussian03 suite of programs.?”) Following the pre-
viously proposed successful strategy,?”! the ground state geometries
were optimized in the gas phase using the B3LYP exchange-corre-
lation functional®® and a standard 6-31G* basis set, whereas the
hybrid MPWIK functional® was employed for the excited state
calculations. Finally, the solvation effects were taken into account
by applying the non-equilibrium C-PCM method®” as im-
plemented in Gaussian03.

Preparation and Characterization of DSCs: FTO glass plates (Nip-
pon Sheet Glass, Solar 4 mm thickness) were immersed in aqueous
TiCl, (40 mm) at 70 °C for 30 min and washed with water and etha-
nol. A paste composed of 20 nm anatase TiO, particles for the
transparent nanocrystalline layer was coated on the FTO glass
plates by screen printing. The coating-drying procedure was re-
peated to increase the thickness to that required. The TiO, elec-
trodes were made of an approximate 6 pm transparent layer and
were gradually heated under a flow of air. After a second TiCl,
treatment, the TiO, electrodes were immersed in a 0.3 mM solution
of TB-1 or TB-2 in tetrahydrofuran (THF) and kept at r.t. for 18 h.
The liquid electrolyte consisted of 0.6 M N-methyl-N-butyl imid-
azolium iodide, 0.04 M iodine, 0.05 M Lil, 0.05 M guanidinium thio-
cyanate, and 0.28 M fert-butylpyridine in 15:85 (v/v) mixture of va-
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leronitrile and acetonitrile. The dye-adsorbed TiO, electrode and
counter electrode were assembled into a sealed sandwich-type cell
with a gap of a hot-melt ionomer film, Surlyn (25 pm, Du-Pont).
For stability evaluation, the TiO, electrodes were made of an ap-
proximate 7 pm transparent layer (20 nm diameter) and approxi-
mate 5 um scattering layer (400 nm diameter, CCIC, HPW-400).
The ionic liquid electrolyte consisted of 1,3-dimethylimidazolium-
iodide, 1-ethyl-3-methylimidazoliumiodide, 1-ethyl-3-methylimida-
zolium tetracyanoborate, iodine, N-butylbenzoimidazole, and gua-
nidinium thiocyanate (molar ratio 12:12:16:1.67:3.33:0.67).! The
other procedure was identical to that mentioned above. In order to
reduce scattered light from the edge of the glass electrodes of the
dyed TiO, layer, a light shading mask was used on the DSCs, so
the active area of DSCs was fixed to 0.2 cm?. For photovoltaic
measurements of the DSCs, the irradiation source was a 450 W
xenon light (Osram XBO 450, Germany) fitted with a filter (Schott
113), the power of which was regulated to the AM 1.5G solar
standard by using a reference Si photodiode equipped with a color-
matched filter (KG-3, Schott) in order to reduce the mismatch in
the region of 350-750 nm between the simulated light and AM
1.5G to less than 4%. The measurement of incident photon-to-
current conversion efficiency (IPCE) was plotted as a function of
excitation wavelength by using the incident light from a 300 W xe-
non lamp (ILC Technology, USA), which was focused through a
Gemini-180 double monochromator (Jobin Yvon Ltd.). The mea-
surement settling time between applying a voltage and measuring
a current for the I-V characterization of DSCs was fixed to 40 and
200 ms for liquid and ionic liquid electrolytes, respectively.

Supporting Information (see footnote on the first page of this arti-
cle): Absorption spectra of 4a and 5a, "H NMR and FT-IR spectra
of TB-1 and TB-2, recombination rates of TB-1 and TB-2.
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A new multidonor and multianchoring asymmetric tri-
branched organic photosensitizer (i.e., TB-PT) for dye-sensi-
tized solar cells containing three different (D-n-D, D-n;-A,
and D-n,-A; D = electron-rich moiety, A = electron-poor moi-
ety, = = conjugated bridge) polar branches, two donor cores,
and two acceptor/anchoring groups to TiO, was investigated

and compared with the corresponding symmetric dyes. TB-
PT combines the advantages arising from its n-extended tri-
branched architecture and the intramolecular cosensitization
approach, which results in enhanced tailored optical and
energetic properties and, eventually, photovoltaic perform-
ances.

Introduction

In the last decades, dye-sensitized solar cells (DSSCs)!!]
have become very attractive because of their easy and cheap
manufacturing procedures combined with over 12% record
efficiencies.”! Metal-free organic photosensitizers, providing
several advantages over conventional metal complexes, typi-
cally own a linear dipolar D-n-A structure, in which the
electron-rich (D) and the electron-poor (A) moieties are
connected through a conjugated (m) bridge.®! Unfortu-
nately, these compounds present a single, often narrow, ab-
sorption band in the visible region, related to intramolecu-
lar charge transfer, which limits sunlight harvesting. Cosen-
sitization, that is, the use of two or more dyes having com-
plementary absorption spectra, is an attractive strategy to
reach a panchromatic absorption and to enhance light har-
vesting,># as in the case of the recent record efficiency.[?!
However, conventional intermolecular cosensitization suf-
fers from a number of drawbacks: (1) The concentration of
each cosensitizing dye on the TiO, surface is about half of
that in the absence of cosensitization, which thus negates
the beneficial effects of improved optical properties.
(2) Well-separated complementary absorption bands of the
two dyes implies the presence of a region in the cosensitized
spectrum in which the absorption intensity is very low.[]
(3) Intermolecular charge- and energy-transfer processes
decrease cell performances as a result of intimate mixing of
the two dyes.l*!

We here propose an original approach consisting of the
use of a multibranched dye in which three n-conjugated
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branches possess complementary absorption properties
(Figure 1, middle). Even if the dye is constituted by a single
n-conjugated framework, the net result is equivalent to an
intramolecular cosensitization effect. This architecture is
the evolution of our previous design based on an A-n,-D-
n-D-m;—A tribranched structural motif (Figure 1, left) in
which the presence of two donor and two acceptor/anchor-
ing!® fragments allowed enhanced optical and stability
properties”? To further improve the optical properties
through an intramolecular cosensitization approach, we
have now modified the design by introducing two different
D-n—A side arms (D-n;—A and D-n,-A) with complemen-
tary absorption properties. The resulting dye can be re-
garded, in terms of intramolecular cosensitization, as a
multichromophore structure that is derived from the combi-
nation of two linear D-n—A dyes linked through donor end-
capping moieties by a conjugated bridge. We stress that our
approach differs from the other reports of intramolecular
cosensitization in that the two D-n—A arms are connected
through saturated nonconjugated links, which thus limits n-
structure extension.[®]

=+ O =Ho & ©

St @l

(&) (&) &) €y
COOH COOH COOH  COOH

COOH

COOH
Figure 1. General design strategy for the multibranched dyes: sym-

metric tribranched (left), new geometry (middle), monobranched
(right).

The new asymmetric dye TB-PT (see Figure 2) was de-
signed on the basis of the most common building blocks
for DSSC sensitizers, that is, D = triarylamino, A = 2-cy-
anoacrylic acid, and m, and n, = benzene and thiophene.
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Figure 2. Symmetric (i.e., TB-T, TB-P) and asymmetric tribranched (i.e., TB-PT) dyes and monobranched reference dyes (i.e., L1 and

TC105).

The electron-donating strength of the D moiety was in-
creased by donor alkoxy substituents (RO-), and long linear
R chains were introduced to improve the solubility and to
minimize cell recombination losses.”) TB-PT can thus be
seen as the intramolecular combination of the linear dyes
L10% and TC105!"Y reported in the literature (Figure 2).
The new dye was investigated in terms of its optical, electro-
chemical, and photovoltaic properties and compared with
the corresponding symmetric tribranched dyes TB-P and
TB-T (Figure 2). We will show how the optical response of
the asymmetric dye TB-PT can be effectively obtained from
a linear combination of the absorption bands of the sym-

CeH130,

Q

N

)

CgH130,

o

OCgH1s

)

N G z il

metric dyes TB-P and TB-T by validating the intramo-
lecular cosensitization model.

Results and Discussion

Synthesis, Spectroscopic, and Electrochemical
Characterization

TB-PT was conveniently prepared, with steps that pro-
vided products in yields from 70% to quantitative, by a con-
vergent route characterized by the Horner-Emmons con-
densation of branched precursors 1 and 2 (Scheme 1, see

¢}
OJ\LS)‘ ,O,L/
[ )-8
o

CgH130

(o]
&) oH
[o] HJKLSf 7 iv
Q H “oH
Br

7 8 9 4
v
210 CeHis0 OCeH13 OCeH13 OCgHis
OJ\Q viii o} 0 O vii Q vi o
N-< >—4 \ N - ,..< >—N - <:>
B\"?é_ H qHso/\T HO H N
o OCHs a
6 5 S S S
o 070 070 0"0
R 1 % Ens ey
| x | 1a 1
H. H
CsHuo 1 °°“ s cuHuo °°“ B

L Tt

%——» B-PT

Scheme 1. Synthesis of TB-PT. Reagents and conditions: (i) Diphenylamine, 1,10-phenanthroline, CuCl, KOH, toluene, reflux; (ii) DMF,
POCl;, CH,Cl,, -5 °C to r.t.; (iii) N-bromosuccinimide (NBS), DMF, —18 °C; (iv) pinacol, p—toluenmulfomc acid (PTSA), toluene, reflux;
(v) 4, Pd(dppf)Cl, [dppf = 1,1 -bls(dlphenylphosphanyl)ferrocene], K,COs, toluene/MeOH, microwave; (vi) NaBH,, THF, r.t.; (vii)
P(OE);, I; (viii) 4, Pd(dppf)Cl,, K,CO;, toluene/MeOH, microwave; (ix) fBuONa, THE, r.t.; (x) 10% HCVTHE, 50 °C; (xi) cyanoacetic
acid, piperidine (cat.), CHCl;, reflux.
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the Supporting Information for the synthesis of symmetric
dyes TB-P and TB-T). Asymmetric bis-aldehyde 3 was sub-
mitted, in the last step, to double Knoevenagel condensa-
tion with a 25-fold excess amount of cyanoacetic acid to
afford pure TB-PT as a dark solid. Both side building
blocks were prepared by starting from common triarylam-
ine block 4 through a Suzuki-Miyaura cross-coupling reac-
tion with the p-formylboronic esters of thiophene and benz-
ene, in their protected forms 5 and 6, respectively. A diver-
gent approach, similar to that used for the previously de-
scribed tribranched dyes,[™® was tested but discarded as a
result of lower reproducibility and yields.

TB dyes exhibit two UV/Vis absorption bands (Figure 3),
one more intense at lower energies (430-490 nm), which is
due to intramolecular D-n—A charge transfer of the side
arms, and one at higher energies (385-395 nm), which is
due to a local transition of the donor core.l®) The main
quantitative optical parameters are collected in Table 1. In
close agreement with the design strategy, the absorption
spectrum of TB-PT nicely combines the optical features of
the symmetric counterparts TB-P and TB-T. In particular,
the intramolecular charge-transfer peak of the asymmetric
chromophore is bathochromically and hypsochromically
shifted relative to the corresponding band of TB-P and TB-
T, respectively. Even more significant is the fact that the
integrated intensity of the asymmetric dye absorption was
higher than that of both symmetric compounds (see oscil-
lator strengths in Table 1), and this suggests a cooperative
enhancement effect of the two different side arms.

70000 -
—TB-P
60000 —TB-T
---- TB-PT Calc
50000 - ——TB-PT Exp
"5 40000
= 30000
-
20000
10000 -
04
T T T T —
400 500 60 700 800

Wavelength [nm]

Figure 3. Absorption spectra of symmetric (i.c., TB-T, TB-P) and
asymmetric (i.e., TB-PT) tribranched dyes in THF (solid line); cal-
culated spectrum of TB-PT according to Equation (1) (dashed
line).

The premise of the strategy proposed here was to demon-
strate that the new molecule is actually equivalent to an
intramolecular mixture of two different molecules with
complementary absorption properties. Indeed, we found
that both the position and intensity of the experimental
spectrum of TB-PT could be nicely predicted (dashed line
in Figure 3) by simply applying a 1:1 linear combination of
the spectra of the symmetric dyes, as shown in Equation (1).
in which ¢ is the molar absorptivity at each wavelength. The
calculated and the experimental spectra nicely match in

Eur. J. Org. Chem. 2013, 6793-6801
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Table 1. Optical and electrochemical parameters of the dyes.[®
Dye Aus [nm] IE HOMOM LUMOW

(X 10 M cm) [ev] [eV]
TB-T 388 (4.6) 1.96 -5.7 -3.5

482 (6.1)
TB-P 401 (4.8) 1.58 =55 -3.1

439 (5.3)
TB-PT 394 (5.2) 1.98 -5.6 -34

460 (5.5)

[a] In THE. [b] Oscillator strength measured in the 350-800 nm
range. [c] From cyclic volt: ry potential ments vs. fer-
rocene/ferrocenium (Fc/Fc*); energy levels were calculated by using
a value of — 5.2 eV vs. vacuum for Fc/Fc* (4.5 eV vs. vacuum for
NHE).

erp-pr = 0.50erpp + 0.50e71p.1 (§))]

shape, and the difference in intensity is within experimental
error. The optical response of the target dye TB-PT can
thus be effectively obtained from a linear combination of
the absorption bands of the symmetric dyes, in agreement
with the proposed intramolecular cosensitization model.
The perfect matching between the experimental and the
predicted spectrum of TB-PT is valuable in terms of the
design of new panchromatic dyes with predefined optical
properties once the absorption properties of the two consti-
tuting monobranched units are properly selected and inves-
tigated.

The electrochemical properties and HOMO/LUMO en-
ergies of dyes TB-P, TB-T, and TB-PT were measured by
cyclic voltammetry (CV) and spectroelectrochemical mea-
surements. The current potential profiles are shown in Fig-
ure 4 and the derived HOMO and LUMO energies are col-
lected in Table1 and graphically depicted in Figure S1
(Supporting Information) and compared to DSSC reference
energies (conduction band of TiO, and Nerst potential of
the redox pair I;7/I7). All the observed oxidative waves were
reversible. It is clearly seen from the electrochemical data
that, similarly to the optical properties, TB-PT combines
the energetic properties of TB-P and TB-T. In particular,
the HOMO/LUMO energies of TB-PT lie in between those
of the two symmetric dyes. Spectroelectrochemical analysis,

—TB-T
N o] TIBFE
§

g 0.5

z

g

S os]

T T T T
04 -0‘2 0.0 0.2 04 06 08
Potential [V vs. Fc]

Figure 4. Cyclic voltammetry traces (vs. Fc) of dyes TB-P, TB-T,
and TB-PT.
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showing the change in the absorption properties of dye TB-
PT upon oxidation, is described in the Supporting Infor-
mation (Figure S2). The potential (0.45 V vs. Fc) was ap-
plied until no change in the optical properties was observed.

Photovoltaic Investigation in DSSCs

The dyes were used as photosensitizers in DSSCs by
using a double-layer TiO, film (20 nm particles 10 um layer
+ scattering 4 pm layer) in the presence of chenodeoxy-
cholic acid (CDCA)!'? as a deaggregating co-adsorbent
agent (Table 2). Two electrolyte solutions were tested by
varying the concentrations of Lil. The best average power
conversion efficiencies were measured by using the electro-
lyte Z960 (1.0 M 1,3-dimethylimidazolium iodide, 0.03 M I,,
0.05 ™ Lil, 0.10 M guanidinium thiocyanate, and 0.50 M 4-
tert-butylpyridine in acetonitrile/valeronitrile, 85:15).
Table 2 summarizes the photovoltaic parameters in com-
parison with the DSSC benchmark dye N719 [bis(2,2’-bi-
pyridyl-4,4'-dicarboxylate)ruthenium(II) bis(tetrabutylam-
monium) salt].l'3 The overall conversion efficiencies PCE
were derived from the equation PCE = J, X V. X FF, in
which J is the short circuit current density, ¥, is the open
circuit voltage, and FF is the fill factor. Figure 5 shows the
photocurrent-voltage curves of the devices.

Table 2. Photovoltaic parameters for TB-based DSSCs.

Dye CDCA/dye J,. Voc FF PCE
[mAcm?]  [mV] (7]
TB-P 100:1 10.0 722 0.66 4.8
TB-T 100:1 10.9 687 0.65 49
TB-PT 100:1 11.7 708 0.66 54
N719 1:1 144 707 0.69 7.1
14
—TB-P
12 —TB-T
—TB-PT
10
& 84
§
i
3
=
44
24
0 10 20 X0 40 S0 60 700 w0
Voo [MV]

Figure 5. Current-voltage characteristics of DSSCs sensitized by
TB-P, TB-T, and TB-PT.

In agreement with the superior optical properties and os-
cillator strength (Table 1), the asymmetric dye TB-PT ex-
hibited the highest current and approximately 10% im-
proved power conversion efficiency relative to the two sym-
metric dyes. The absolute efficiency of TB-PT is not very
high if compared to recent values on organic sensitizers.?!
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However, it should be noted that our goal was to demon-
strate, in addition to enhanced optical properties, improved
photovoltaic efficiencies relative to the symmetric counter-
parts, as achieved. The very simple structure of the conven-
tional donor, spacer, and acceptor groups and the nature of
the monobranched reference dyes L1 and TC105 were not
selected with the goal of reaching, at this time, higher effi-
ciencies close to those of present record dyes.

The incident monochromatic photon-to-current conver-
sion efficiencies (IPCE, 0-100%) of the devices based on
the three dyes are shown in Figure 6. TB-PT summarizes
the conversion proprieties of the two symmetric molecules
over the whole range. To investigate this term in deeper de-
tail, we separately examined the two constituting factors of
IPCE according to the equation IPCE(4) = LHE(4) X
APCE(4) (Figure 7) in which LHE (0-100%) is the light-
harvesting efficiency associated to the ability of the cell to
harvest light and APCE (0-100%) is the absorbed mono-
chromatic photon-to-current conversion efficiency; this
term gives the true quantum efficiency of the cell of gener-
ating electric current (internal quantum efficiency), and it
is related to the electron injection efficiency from the dye to
the semiconductor oxide, the dye regeneration efficiency,
and the charge collection efficiency.!) IPCE and LHE are
experimentally determined. APCE is thus derived by divid-
ing the IPCE number by LHE. Given that LHE can be
directly measured only for transparent dye-coated films, as
similarly performed for previous representative studies,?
the whole set of comparative IPCE, LHE, and APCE spec-
tra was recorded and derived for transparent 9 pm thick
nanocrystalline TiO, monolayers. It is evident that APCE
is excellent (=100%) for almost the entire range of visible
light, whereas the external quantum efficiency IPCE is
much more modest, limited by the low LHE.

80 -
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70 4 —TB-T
s TR=PT:

60

T T T T
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Figure 6. Incident photon-to-electric current conversion efficiencies
as a function of wavelength of DSSCs sensitized by TB-P, TB-T,
and TB-PT.

Electrochemical impedance spectroscopy (EIS) was used
to further investigate the comparative behavior of the three
dyes in DSSC.[' In this experiment, a small sinusoidal volt-
age stimulus of a fixed frequency was applied to an electro-
chemical cell and its current response was measured. The
alternating current (ac) behavior of an electrochemical sys-
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Figure 7. LHE (top) and APCE (bottom) as a function of wave-
length of the DSSCs sensitized by TB-P, TB-T, and TB-PT.

tem can be investigated by sweeping the frequency over sev-
eral orders of magnitude (generally from a few mHz to sev-
eral MHz). The analysis of the impedance spectra is usually
performed in terms of Nyquist plots in which the imaginary
part of the impedance is plotted as a function of the real
part over the range of frequencies. The impedance of the
cell can be described by an equivalent circuit model (Fig-
ure 8, inset), in which the different cell components and
their interfaces are treated as discrete electrical elements.['4]
Under illumination under open-circuit voltage conditions,
the DSSC Nyquist plot shows three arcs corresponding to
the I7/I;~ redox process at the counter electrode in the high-
frequency region (10*+10?Hz), the TiO,/dye/electrolyte
interface at intermediate frequencies (1+10 Hz), and the
Nernst diffusion within the electrolyte of the ionic species
(I') in the low-frequency region (0.01+1Hz).'¥l Under
these conditions, the properties of the TiO-/electrolyte inter-
face can be derived from the central arc in terms of recom-
bination resistance (R, and chemical capacitance for
charge accumulation (C,). Both parameters are associated
to charge-transfer (recombination) phenomena and repre-
sent detrimental back processes between the injected elec-
trons in the oxide and the oxidized form of the electro-
lyte.[!3]

Figure 8 shows the Nyquist plots for the DSSC devices
obtained by EIS at the open circuit voltage under
250 Wm™ (0.25 sun) illumination. The data can be fitted
by using the equivalent circuit reported in the inset of the
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Figure 8. Nyquist plots of DSSCs sensitized by TB-P, TB-T, and
TB-PT. Continuous lines represent the data fitting by using the
equivalent circuit shown in the onset.

figure in which, in addition to the TiO,/electrolyte interface
parameters, Rg is the serial resistance [mainly due to the
fluorine-doped tin oxide (FTO) layers], Zp, is the Warburg
diffusion of the ionic species (I") in the electrolyte, and Rcg
and Ccg are the charge-transfer resistance and double-layer
capacity at the counter electrode, respectively. The results
of the EIS investigation are summarized in Table 3. R, val-
ues can be determined by the width of the central arc,
whereas the capacitance C, can be deduced by fitting the
data with the equivalent circuit in Figure 8. The apparent
electron lifetime in the oxide, 7,, can thus be calculated
from 7, = R..C, and corresponds to the angular frequency
at the top of the middle arc.!'¥]

Table 3. Parameters calculated from EIS data plots of DSSCs based
on TB-P, TB-T, and TB-PT sensitizers in comparison with the
benchmark dye N719.

Dye Ric [Qcm?]  C, [Fem™] 7, [ms]
TB-P 25 5.8x10* 15
TB-T 14 8.1x 10 11
TB-PT 17 5.7x104 10
N719 15 1.1x1073 16

Yet again, asymmetric sensitizer TB-PT exhibited inter-
mediate properties between those of symmetrical TB-P and
TB-T. For the three dyes, the most relevant parameter, that
is, the recombination resistance, R, was comparable, or
even slightly higher, than that of the benchmark dye N719.
Therefore, detrimental charge recombination from TiO, to
the electrolyte is equally or less efficient in the DSSCs by
using the three organic dyes than for the N719 sensitizer.
This result is consistent with their APCE spectra. However,
the corresponding capacitances, which probe the charge
carrier accumulation in the oxide film and the density of
states in the band gap, are lower than the reference DSSC
by one order of magnitude. The net result is lower electron
lifetimes, which affects cell performance.

Conclusions
In conclusion, a new multidonor-multiacceptor/anchor-
ing tribranched asymmetric dye, TB-PT, with two different
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side dipolar branches having complementary absorption
properties was designed and investigated as a DSSC sensi-
tizer. The optical, electrochemical, and photovoltaic prop-
erties were compared with those of the corresponding sym-
metric counterparts, TB-P and TB-T. The results suggested
a cooperative enhancement of the two different branches in
terms of light-harvesting properties. Indeed, the measured
current density of the DSSC based on TB-PT was higher
than those of cells based on the symmetric dyes, resulting
in an approximately 10% increase in the power conversion
efficiency.

A novel intramolecular cosensitization strategy to en-
hance the optical response and, ultimately, the photovoltaic
efficiency of DSSCs was demonstrated. In particular, we
believe that the experimental validation of Equation (1),
which shows that the panchromatic behavior of a new sensi-
tizer can be built by appropriately selected constituting mo-
lecules with complementary optical and photovoltaic prop-
erties, will facilitate the search for new efficient sensitiz-
ers‘[I6]

Experimental Section

General: NMR spectra were recorded with an instrument operating
at 500.13 ("H) and 125.77 MHz (3C). !3C signals were assigned on
the basis of the results of J-MOD experiments. HRMS measure-
ments were performed by using a ESI source and an ion trap (Fou-
rier transform ion cyclotron resonance FT-ICR) as a mass ana-
lyzer. Flash chromatography was performed with silica gel 230-
400 mesh (60 A). Reactions performed under a nitrogen atmo-
sphere were performed in oven-dried glassware and monitored by
thin-layer chromatography by using UV light (254 and 365 nm) as
a visualizing agent. All reagents were obtained from commercial
suppliers at the highest purity and used without further purifica-
tion. Anhydrous solvents were purchased from commercial suppli-
ers and used as received. Extracts were dried with anhydrous
Na,S0, and filtered before removal of the solvent by evaporation.

1-(Hexyloxy)-4-iodobenzene (7): A procedure reported in the litera-
ture was adapted with some modifications.'”? 1-Bromohexane
(3.81 mL, 27.30 mmol) and K,CO; (12.56 g, 90.91 mmol) were
added at room temperature to a solution of 4-iodophenol (9.99 g,
45.43 mmol) in dry acetone (50 mL). After stirring at reflux for
30 h, the mixture was filtered to remove the solid, and the solvent
was evaporated under reduced pressure. The residual oil was ex-
tracted (CH,Cl,) and washed with 3 M NaOH, water, and brine.
The organic phase was dried, filtered, and concentrated in vacuo
to give the desired product as a colorless oil (6.64 g, 21.82 mmol,
85%).

4-(Hexyloxy)-N,N-diphenylaniline (8): A procedure reported in the
literature was adapted with some modifications.'8 A two-necked,
round-bottomed flask equipped with a Dean—Stark apparatus was
charged with diphenylamine (4.59 g, 27.10 mmol) and toluene
(50mL). Then, 7 (5.51g, 18.12mmol), 1,10-phenanthroline
(652 mg, 3.61 mmol), cuprous chloride (358 mg, 3.61 mmol), and
potassium hydroxide (4.06 g, 72.30 mol) were added. The reaction
mixture was heated at reflux for 20 h, and then, water (150 mL)
was added. The crude product was extracted with CH,Cl,, and
the organic layer was washed with water, dried, and filtered. After
removing the solvent under reduced pressure, the residue was puri-
fied by column chromatography (petroleum ether/CH,Cl,, 1:1) on
silica gel to obtain a colorless oil (4.39 g, 12.71 mmol, 70%).
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4-{[4-(Hexyloxy)phenyl](phenyl)amino}benzaldehyde ~ (9): Phos-
phorus oxychloride (0.752 mL, 8.21 mmol) was added dropwise to
dry DMF (0.634 mL, 8.22 mmol) at —5°C. The formation of a
white solid was observed, and the reaction was kept at -5 °C for
15 min. CH,Cl, (30 mL) was added, and the solid was allowed to
reach room temperature. After complete dissolution, 8 (2.04 g,
5.91 mmol) was added, and the mixture was stirred for 24 h. The
reaction was quenched by the addition of water saturated with
K,CO;, and the organic phase was washed with water (3X
120 mL), dried, and filtered. Purification by column chromatog-
raphy over silica gel (CH,Cly/cyclohexane, 1:1) resulted in a yellow
oil (2.10 g, 5.63 mmol, 95%). 'H NMR (CDCl;): 6 = 9.78 (s, 1 H),
7.64 (d, J = 8.8 Hz, 2 H), 7.32 (dd, J = 7.5, 7.4 Hz, 2 H), 7.17 (d,
J=175Hz,2H), 714 (t, J = 74Hz, 1 H), 7.1 (d, J = 8.9 Hz, 2
H), 6.94 (d, J = 8.8 Hz, 2 H), 6.89 (d, J = 8.9 Hz, 2 H), 1.46-1.44
(t, 2 H), 3.91 (t, J = 6.6 Hz, 2 H), 1.81-1.71 (m, 2 H), 1.52-1.42
(m, 2 H), 1.40-1.30 (m, 4 H), 0.90 (t, J = 7.0 Hz, 3 H) ppm. *C
NMR (CDCly): 6 = 190.35 (CH), 157.08 (C), 153.66 (C), 146.11
(C), 138.52 (C), 131.33 (CH), 129.60 (CH), 128.43 (CH), 128.39
(C), 125.79 (CH), 124.77 (CH), 118.05 (CH), 115.62 (CH), 68.25
(CHy), 31.57 (CH,), 29.24 (CHy,), 25.73 (CH,), 22.60 (CH.,), 14.04
(CH3) ppm. HRMS (ESI): caled. for [M + Na]* C,sH,;NNaO,
396.19340; found 394.19267.

4-{(4-Bromophenyl)[4-(hexyloxy)phenyl]amino}benzaldehyde (4): A
solution of freshly recrystallized NBS (863 mg, 4.85 mmol) in
DMF (10mL) was added dropwise to a stirred solution of 9
(1.81 g, 4.85mmol) in DMF (15mL). The mixture was left at
~18 °C for 15 h and then poured into water (50 mL). Diethyl ether
was added, and the resulting organic phase was washed with water
(4X 120 mL), dried, and filtered. Removal of the solvent under
reduced pressure yielded the pure product (2.06 g, 4.55 mmol, 94 %)
as a yellow gummy oil. '"H NMR (CDCLy): 6 = 9.80 (s, 1 H), 7.66
(d, J=8.8 Hz, 2 H), 7.41 (d, J = 8.8 Hz, 2 H), 7.08 (d, J = 8.9 Hz,
2 H), 7.03 (d, J = 8.8 Hz, 2 H), 6.96 (d, J = 8.7 Hz, 2 H), 6.89 (d,
J = 89Hz, 2 H), 391 (t, J = 6.6 Hz, 2 H), 1.81-1.71 (m, 2 H),
1.52-1.42 (m, 2 H), 1.40-1.31 (m, 4 H), 0.90 (t, J = 7.1 Hz, 3 H)
ppm. '*C NMR (CDCly): § = 190.38 (CH), 157.25 (C), 153.14 (C),
145.35 (C), 138.16 (C), 132.61 (CH), 131.35 (CH), 128.95 (C),
128.36 (CH), 126.86 (CH), 118.69 (CH), 117.24 (C), 115.73 (CH),
68.28 (CH,), 31.57 (CH,), 29.22 (CH,), 25.73 (CH,), 22.61 (CH,),
1405 (CH;) ppm. HRMS (ESI): caled. for [M + NaJ*
C,5H,6NNaO,Br 474.10391; found 474.10369.

4,4,5,5-Tetramethyl-2-[5-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)-
thiophen-2-yl|-1,3,2-dioxaborolane (5): A solution of 5-formyl-2-thi-
enylboronic acid (802 mg, 5.14 mmol), 2,3-dimethyl-butane-2,3-
diol (3.02 g, 25.70 mmol), and a catalytic amount of p-toluene-
sulfonic acid in toluene (40 mL) was heated at reflux by using a
Dean-Stark receiver for 2 h. The reaction mixture was then washed
with water (3 X 100 mL), dried, and filtered, and the solvent was
evaporated under reduced pressure. The product was purified over
silica gel (petroleum ether/ethyl acetate, 4:1) to give the desired
product as light yellow needle-shaped crystals (1.22 g, 3.60 mmol,
71%); m.p. 128.5-129.5°C. '"H NMR (CDCLy): 6 = 7.49 (d, J =
3.5Hz, 2 H), 7.194 (d, J = 3.5Hz, 2 H), 6.20 (s, 1 H), 1.32 (s, 12
H), 1.29 (s, 6 H), 1.28 (s, 6 H) ppm. '3C NMR (CDCl): § = 151.00
(O), 136.82 (CH), 127.22 (CH), 96.48 (CH), 84.07 (C), 83.09 (C),
24.73 (CH3), 24.20 (CH,), 22.07 (CH3) ppm; the signal for the car-
bon atom directly attached to boron was not observed owing to
quadrupolar relaxation. C,;H,7BO,S (338.27): caled. C 60.36, H
8.06; found C 60.38, H 7.83.

4-(|[4-(Hexyloxy)phenyl]{4-|5-(4,4,5,5-tetr hyl-1,3-dioxolan-2
yl)thiophen-2-yl]phenyl}amino)benzaldehyde (1b): Pd(dppf)-
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Cl,*CH,Cl; (91 mg, 0.110 mmol), 5 (400 mg, 1.18 mmol), and
K,COj; (628 mg, 4.55 mmol) were added to a solution of 4 (0.411 g,
0.910 mmol) in toluene/MeOH (1:1, 6 mL) in a microwave vial. The
resulting mixture was heated in a microwave reactor at 75 °C for
20 min. After cooling to room temperature, the reaction mixture
was poured into water and extracted with diethyl ether. The organic
phase was washed with water (3 X 100 mL), dried, filtered, and
concentrated under reduced pressure. Flash chromatography purifi-
cation (cyclohexane/ethyl acetate, 9:1) gave the product as an
orange sticky oil (414 mg, 0.710 mmol, 78%). '"H NMR (CDCl,):
0=9.78 (s, 1 H), 7.67 (d, J = 8.7Hz, 2 H), 7.52 (d, J = 8.6 Hz, 2
H), 7.16-7.08 (m, 6 H), 7.00 (d, J = 8.7Hz, 2 H), 6.90 (d, J =
8.9 Hz, 2 H), 6.18 (s, 1 H), 3.96 (t, J = 6.5 Hz, 2 H), 1.83-1.72 (m,
2 H), 1.52-1.42 (m, 2 H), 1.38-1.30 (m, 10 H), 1.29 (s, 6 H), 0.90
(t, J = 7.0 Hz, 3 H) ppm. *C NMR (CDCl,): § = 190.11 (CH,),
157.22 (C), 153.24 (C), 145.55 (C), 144.32 (C), 142.91 (C), 138.34
(C), 131.28 (CH), 130.63 (C), 128.90 (C), 128.39 (CH), 127.04
(CH), 126.90 (CH), 125.46 (CH), 122.33 (CH), 118.75 (CH), 115.76
(CH), 96.72 (CH), 83.02 (C), 68.27 (CH,), 31.57 (CH,), 29.25
(CHy), 25.74 (CH,), 24.27 (CH,), 22.59 (CH,), 22.08 (CHs), 14.05
(CH;) ppm. HRMS (ESI): caled. for [M + Na]* C3sHy NNaO,S
606.26485; found 606.26500.

[4-(|4-(Hexyloxy)phenyl]{4-[5-(4,4,5,5-tetramethyl-1,3-dioxolan-2-
yDthiophen-2-yljphenyl}amino)phenyl]-MeOH (1a): A solution of
NaBH, (63.0 mg, 1.65 mmol) in THF (5 mL) was added dropwise
to a solution of 1b (740 mg, 1.27 mmol) at —10 °C in THF (25 mL).
The mixture was stirred for 5 h at room temperature and then
quenched by the addition of water. Ethyl acetate was added, and
the resulting organic phase was washed with water (3 110 mL),
dried, filtered, and concentrated under reduced pressure. The pure
product was isolated as a light yellow sticky oil (709 mg,
1.21 mmol, 95.2%). '"H NMR (CDCl;): 6 = 7.41 (d, J = 8.7 Hz, 2
H), 7.23 (d, J = 8.5 Hz, 2 H), 7.10-7.03 (m, 6 H), 6.99 (d, J =
8.7Hz, 2 H), 6.84 (d, J = 8.9 Hz, 2 H), 6.17 (s, 1 H), 3.95 (t, J =
6.5 Hz, 2 H), 1.82-1.73 (m, 2 H), 1.52-1.42 (m, 2 H), 1.40-1.33 (m,
10 H), 1.31 (s, 6 H), 0.93 (t, J = 7.0 Hz, 3 H) ppm. '*C NMR
(CDCl,): d = 156.00 (C), 147.56 (C), 147.25 (C), 145.26 (C), 141.60
(0), 139.99 (C), 134.71 (C), 128.25 (CH), 127.72 (C), 127.43 (CH),
127.21 (CH), 126.57 (CH), 123.23 (CH), 122.32 (CH), 121.47 (CH),
115.38 (CH), 96.83 (CH), 83.04 (C), 68.23 (CH,), 64.94 (CH,),
31.63 (CH,), 29.32 (CH,), 25.79 (CH,), 24.30 (CH3), 22.65 (CH,),
22.08 (CH3), 14.12 (CH;) ppm. HRMS (ESI): calcd. for [M +
Na]* C36H43NNaO,S 608.28050; found 608.28059.

Diethyl-4-(|4-(Hexyloxy)phenyl]{4-[5-(4,4,5,5-tetramethyl-1,3-di-
oxolan-2-yl)thiophen-2-yl|phenyl}amino)benzylphosphonate (1):
Alcohol 1a (709 mg, 1.21 mmol) was dissolved in P(OEt); (15 mL)
at -5 °C, and a solution of I, (1.27 g, 5.01 mmol) in P(OEt), (5 mL)
was added dropwise. The reaction mixture was stirred for 24 h at
room temperature. The excess amount of P(OEt); was distilled off
under reduced pressure, and the pure product was obtained after
flash chromatography on silica gel (CH,Cl,/ethyl acetate, 5:5) as a
dark yellow oil (615 mg, 0.871 mmol, 72%). 'H NMR (CDCl,): §
=738 (d, J = 8.7Hz, 2 H), 7.15 (d, J = 8.6 Hz, 2 H), 7.07-7.01
(m, 4 H), 6.99 (d, J = 8.3 Hz, 2 H), 6.95 (d, J = 8.6 Hz, 2 H), 6.82
(d, J = 89Hz, 2 H), 6.14 (s, 1 H), 4.05 (m, 4 H), 3.92 (t, J =
6.5 Hz, 2 H), 3.07 (d, J = 21.3 Hz, 2 H), 1.82-1.73 (m, 2 H), 1.52—
1.42 (m, 2 H), 1.40-1.33 (m, 10 H), 1.31 (s, 6 H), 1.26 (t, /= 7.1 Hz,
6 H) 0.93 (t, J = 7.0 Hz, 3 H) ppm. '*C NMR (CDCl;): 6 = 156.02
(C), 147.54 (C), 146.53 (C), 145.24 (C), 141.71 (C), 139.98 (C),
130.54/130.50 (*Jucxp = 5.0 Hz, CH), 127.73 (C), 127.43 (CH),
127.08 (CH), 126.55 (CH), 125.08/125.02 (3Jucnp = 6.3 Hz, C),
123.25 (CH), 122.28 (CH), 121.45 (CH), 115.37 (CH), 96.82 (CH),
82.99 (C), 68.24 (CH,), 62.11,62.06 (*Jisc3p = 6.3 Hz, CH)), 33.58/
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32.47 (ucp = 139.6 Hz, CHy), 31.59 (CH,), 29.29 (CHy), 25.74
(CHy), 24.27 (CH), 22.60 (CHy), 22.06 (CH), 16.42/16.37 (Jucp
= 6.3 Hz, CH3), 14.03 (CH;) ppm. HRMS (ESI): calcd. for [M +
Na]* CsoH,;NNaOGSP 728.31452; found 728.31367.

4,4,5,5-Tetramethyl-2-{4-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)-
phenyl]-1,3,2-dioxaborolane (6): A solution of 4-formylphenyl-
boronic acid (610 mg, 6.67 mmol), 2,3-dimethyl-butane-2,3-diol
(3.94 g, 33.34 mmol), and a catalytic amount of p-toluenesulfonic
acid in toluene (40 mL) was heated at reflux by using a Dean-Stark
receiver for 3 h. The reaction mixture was then washed with water
(3X 100 mL), dried, and concentrated. The product was purified
over silica gel (petroleum ether/ethyl acetate, 9:1) to give the desired
product as colorless needle-shaped crystals (1.73 g, 5.20 mmol,
70%); m.p. 143.6-144.0 °C. 'H NMR (CDCl;): 6 = 7.81 (d, J =
8.0 Hz, 2 H), 7.49 (d, J = 8.0 Hz, 2 H), 6.0 (s, 1 H), 1.32 (s, 12 H),
1.29 (s, 6 H), 1.23 (s, 6 H) ppm. '*C NMR (CDCl,): 6 = 142.99
(C), 134.69 (CH), 125.33 (CH), 99.66 (CH), 83.71 (C), 82.62 (C),
24.87 (CH3), 24.17 (CH3), 22.17 (CH3) ppm,; the signal for the car-
bon atom directly attached to boron was not observed owing to
quadrupolar relaxation. C,oH,0BO, (332.25): caled. C 68.69, H
8.80; found C 68.77, H 8.77.

4-{[4-(Hexyloxy)phenyl][4'(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)bi-
phenyl-4-yllamino}benzaldehyde (2): Pd(dppf)Cl,*CH,Cl, (111 mg,
0.137 mmol), 6 (682 mg, 2.05 mmol), and K,CO; (946 mg,
6.85 mmol) were added to a solution of 4 (620 mg, 1.37 mmol) in
toluene/MeOH (1:1, 10 mL) in a microwave vial. The resulting mix-
ture was heated in a microwave reactor at 75 °C for 20 min. After
cooling to room temperature, the reaction mixture was poured into
water and extracted with ethyl acetate. The organic phase was
washed with water (3 X 150 mL), dried, filtered, and concentrated
under reduced pressure. Flash chromatography purification (cyclo-
hexane/ethyl acetate, 4:1) gave the product as a yellow sticky oil
(633 mg, 1.10 mmol, 82%). '"H NMR (CDCls): 6 = 9.80 (s, 1 H),
7.67 (d, J = 8.9 Hz, 2 H), 7.69-7.51 (m, 6 H), 7.21 (d, J = 8.6 Hz,
2 H), 7.14 (d, J = 8.9 Hz, 2 H), 7.01 (d, J = 8.2 Hz, 2 H), 6.91 (d,
J = 89Hz, 2 H), 3.96 (t, J = 6.5 Hz, 2 H), 1.85-1.74 (m, 2 H),
1.52-1.42 (m, 2 H), 1.39-1.32 (m, 10 H), 1.29 (s, 6 H), 0.90 (t, J =
7.0 Hz, 3 H) ppm. '*C NMR (CDCL): 6 = 190.32 (CH), 157.18
(C), 153.49 (C), 145.46 (C), 140.57 (C), 138.70 (C), 138.47 (C),
137.05 (C), 131.32 (CH), 128.66 (C), 128.47 (CH), 128.16 (CH),
126.78 (CH), 126.70 (CH), 125.64 (CH), 118.49 (CH), 115.70 (CH),
99.72 (CH), 82.72 (C), 68.29 (CH,), 31.57 (CH,), 29.24 (CH,),
25.73 (CHy), 24.37 (CH3), 22.59 (CHy), 22.20 (CH3), 14.01 (CH;)
ppm. C33H43NO, (577.76): caled. C 79.00, H 7.50, N 2.42; found
C 79.20, H 7.57, N 2.43.

(E)-N-|4-(Hexyloxy)phenyl]-N-{4-[4-(|4-(hexyloxy)phenyl] {4-|5-
(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)thiophen-2-yljphenyl}amino)-
styryllphenyl}-4'-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)biphenyl-4-
amine (3a): Under a nitrogen atmosphere, tBuOK (147 mg,
1.30 mmol) was added to a —10 °C, stirred solution of 1 (615 mg,
0.871 mmol) and 2 (503 mg, 0.871 mmol) in anhydrous THF
(30 mL). The reaction immediately became red and was stirred at
room temperature for 5 h. The mixture was poured into water satu-
rated with NH,Cl, and ethyl acetate was added. The organic layer
was separated, washed with water (3 X 120 mL), dried, and filtered.
The solvent was removed under reduced pressure, and purification
by column chromatography (petroleum ether/ethyl acetate, 4:1)
gave the pure product as a yellow solid (757 mg, 0.670 mmol, 77 %);
m.p. 85.3-86.0 °C. 'H NMR (CDCl,): 6 = 7.59-7.51 (m, 4 H), 7.46
(d, J=8.7Hz, 2 H), 743 (d, J = 8.7 Hz, 2 H), 7.37 (d, J = 8.7 Hz,
2 H), 7.13-7.01 (m, 14 H), 6.94 (s, 2 H), 6.90-6.84 (m, 4 H), 6.18
(s, 1 H), 6.02 (s, 1 H), 3.95 (m, 4 H), 1.82-1.76 (m, 4 H), 1.51-1.42
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(m, 4 H), 1.38-1.33 (m, 20 H), 1.31-1.29 (m, 12 H), 0.92 (m, 6 H)
ppm. 3C NMR (CDCly): 6 = 156.12 (C), 156.07 (C), 147.37 (C),
147.27 (C), 147.12 (C), 146.88 (C), 145.23 (C), 141.77 (C), 141.02
(), 140.04 (C), 139.87 (C), 138.11 (C), 134.21 (C), 131.61 (C),
131.39 (C), 127.97 (C), 127.71 (CH), 127.54 (CH), 127.51 (CH),
127.16 (CH), 127.09 (CH), 126.74 (CH), 126.60 (CH), 126.51 (CH),
126.48 (CH), 126.32 (CH), 122.99 (CH), 122.91 (CH), 122.82 (CH),
122.67 (CH), 121.53 (CH), 115.40 (CH), 99.86 (CH), 96.86 (CH),
83.02 (C), 82.69 (C), 68.24 (CH,), 31.64 (CH,), 29.34 (CH,), 26.94
(CH,), 25.80 (CH,), 24.42 (CHs), 24.31 (CHs), 22.66 (CH,), 22.25
(CH3), 22.10 (CH3), 14.11 (CH;) ppm. C;4HgsN,04S (1129.55):
caled. C 78.69, H 7.50, N 2.48; found C 78.66, H 7.62, N 2.41.

(E)-5-(4-{|4-(4-{(4'-Formylbiphenyl-4-yl)[4-(hexyloxy)phenyl]-
amino}styryl)phenyl][4-(hexyloxy)phenyl]amino}phenyl)thiophene-
2-carbaldehyde (3): Compound 3a (757 mg, 0.670 mmol) was dis-
solved in 10% HCVTHF (1:2, 30 mL). The mixture was heated at
50 °C for 3 h and then poured into water. Ethyl acetate was added,
and the organic layer was washed with water until neutral pH, dried
with anhydrous Na,SO,, and filtered. The solvent was removed
under reduced pressure, and purification by column chromatog-
raphy (cyclohexane/ethyl acetate, 4:1) followed by crystallization
from THF gave the pure product as an orange solid (517 mg,
0.553 mmol, 81%); m.p. 182.4-183.3 °C. '"H NMR (CDCL): 6 =
10.03 (s, 1 H), 9.85(s, 1 H), 7.92 (d, J =83 Hz, 2 H), 7.72 (d, J =
8.3 Hz, 2 H), 7.71 (d, J = 4.0 Hz, 1 H), 7.51 (m, 4 H), 7.49 (m, 4
H), 7.29 (d, J = 4.0 Hz, 1 H), 7.16-7.02 (m, 12 H), 6.97 (s, 2 H),
6.88 (m, 4 H), 3.95 (m, 4 H), 1.82-1.75 (m, 4 H), 1.51-1.43 (m, 4
H), 1.39-1.33 (m, 8 H), 0.91 (m, 6 H) ppm. '*C NMR (CDCl,): §
= 191.78 (CH), 182.52 (CH), 156.59 (C), 156.40 (C), 154.69 (C),
149.17 (C), 148.42 (C), 146.81 (C), 146.62 (C), 146.29 (C), 141.19
(0), 139.64 (C), 139.28 (C), 137.69 (CH), 134.63 (C), 132.47 (C),
132.25 (C), 131.87 (C), 130.32 (CH), 127.95 (CH), 127.85 (CH),
127.75 (CH), 127.21 (CH), 126.90 (CH), 126.79 (CH), 126.50 (CH),
125.62 (C), 123.91 (CH), 123.42 (CH), 122.68 (CH), 122.22 (CH),
121.48 (CH), 115.57 (CH), 115.52 (CH), 68.30 (CH,), 31.59 (CH,),
29.30 (CH,), 29.28 (CH,), 25.75 (CH,), 22.60 (CH,), 14.02 (CH3)
ppm. Cg;HgoN,04S (929.23): caled. C 80.14, H 6.51, N 3.01; found
C 80.26, H 6.52, N 3.07.

3-[5-(4-{[4-((E)-4-{|4'-(2-Carboxy-2-cyanovinyl)biphenyl-4-yl][4-
(hexyloxy)phenyl]amino}styryl)phenyl][4-(hexyloxy)phenyl]-
amino}phenyl)thiophen-2-yl]-2-cyanoacrylic acid (TB-PT): Cya-
noacetic acid (192 mg, 2.26 mmol) and a catalytic amount of piper-
idine were added to a solution of 3 (210 mg, 0.226 mmol) in CHCl;
(15 mL). The reaction mixture was heated at refluxed for 18 h,
poured into 15% HCI (100 mL), and stirred overnight at room tem-
perature. After evaporation of the solvent, a dark precipitate was
formed. Isolation of the precipitate by vacuum filtration afforded
the pure product as a dark-red solid (233 mg, 0.220 mmol, 97.3%);
m.p. > 200 °C (decomp.). '"H NMR ([Dg]DMSO): § = 8.45 (s, 1
H), 8.32 (s, 1 H), 8.10 (d, J = 8.6 Hz, 2 H), 792 (d, J = 4.1 Hz, 1
H), 7.88 (d, J = 8.5Hz, 2 H), 7.72 (d, J = 8.8 Hz, 2 H), 7.67 (d, J
=8.8 Hz, 2 H), 7.63 (d, J = 4.1 Hz, 1 H), 7.54-7.50 (m, 4 H), 7.13-
7.08 (m, 6 H), 7.16-6.99 (m, 6 H), 6.98-94 (m, 6 H), 3.96 (m, 4 H),
1.75-1.67 (m, 4 H), 1.47-1.38 (m, 4 H), 1.36-1.27 (m, 8 H), 0.89
(m, 6 H) ppm. '3C NMR ([Dg]DMSO): 6 = 164.25 (C), 163.91 (C),
156.64 (C), 156.47 (C), 154.04 (CH), 153.87 (C), 149.15 (C), 148.37
(C), 146.95 (CH), 146.57 (C), 146.04 (C), 144.36 (C), 142.11 (CH),
139.34 (C), 138.99 (C), 133.79 (C), 132.81 (C), 132.16 (C), 131.94
(CH), 131.42 (C), 130.17 (CH), 128.31 (CH), 128.29 (CH), 128.23
(CH), 127.88 (CH), 127.81 (CH), 127.15 (CH), 126.82 (CH), 126.75
(CH), 125.18 (C), 124.22 (CH), 123.58 (CH), 121.90 (CH), 121.21
(CH), 117.12 (C), 116.90 (C), 116.14 (CH), 116.12 (CH), 102.96
(C), 97.60 (C), 68.12 (CH,), 31.48 (CH,), 29.17 (CH,), 25.69 (CH,),
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22.54 (CH,), 14.37 (CH;) ppm. CggHg;N4O6S (1063.32): caled. C
76.81, H 5.88, N 5.27; found C 76.51, H 6.13, N 5.29.

Electrochemical and Spectroelectrochemical Characterization: Dyes
TB-P, TB-T, and TB-PT were submitted to electrochemical charac-
terization. Each sample was dissolved (10~ m) in a 0.1 M solution
of tetrabutylammonium perchlorate (Fluka, electrochemical grade,
99.0%) in anhydrous THF (Aldrich) as the supporting electrolyte.
Cyclic voltammetry (CV) was performed at a scan rate of 50 mVs™!
by using a PARSTA2273 potentiostat in a two-chamber three-elec-
trode electrochemical cell in a glove box filled with argon ([0,] <
1 ppm). The working, counter, and pseudoreference electrodes were
a glassy carbon (GC) pin, a Pt flag, and an Ag/AgCl wire, respec-
tively. The working electrode disc was well polished with a 0.1 um
alumina suspension, sonicated for 15 min in deionized water and
washed with 2-propanol before use. The Ag/AgCl pseudoreference
electrode was calibrated by adding ferrocene (107 M) to the test
solution.

Spectroelectrochemical analysis of TB-PT was performed by using
a three-electrode cell arranged in a thin layer quartz glass cell. The
gold gauze working electrode was confined in the thin portion of
the cell (wall thickness 0.5 mm) to minimize the diffusion length of
the electroactive molecule. The change in the absorption properties
of TB-PT upon oxidation is depicted in Figure S2 (Supporting In-
formation). The potential (0.45V vs. Fc) was applied until no
change in the optical properties was observed.

Fabrication of the DSSCs: The DSSCs were prepared by adapting
a procedure reported in the literature.!') To exclude metal contami-
nation, all of the containers were glass or Teflon and were treated
with EtOH and 10% HCl prior to use. Plastic spatulas and tweezers
were used throughout the procedure. FTO glass plates (Solaronix
TCO 22-7, 2.2 mm thickness, 7 Qsquare™') were cleaned in a deter-
gent solution for 15 min by using an ultrasonic bath, and then
rinsed with pure water and EtOH. After treatment in a UV-O4
system (Novascan PSD Pro Series — Digital UV Ozone System) for
18 min, the FTO plates were treated with a freshly prepared 40 mm
aqueous solution of TiCl, for 30 min at 70 °C and then rinsed with
water and EtOH. A first transparent nanocrystalline layer (20 nm
particles, Dyesol 18NR-T) was screen-printed and dried at 125 °C
for 6 min. The working electrodes were screen-printed and dried
again with the same procedure to obtain a 10 um transparent
double layer. A scattering 4 pm layer containing optically dispers-
ing anatase particles (Dyesol WER2-O) was screen-printed on the
previous electrodes. The coated films were kept in a cabinet for
5min and then thermally treated under an air flow at 125 °C for
6 min, 325 °C for 10 min, 450 °C for 15 min, and 500 °C for 15 min.
The heating ramp rate was 5-10 °Cmin™". The thickness of the lay-
ers was measured by using a VEECO Dektak 8 Stylus Profiler. The
sintered layer was treated again with 40 mm aqueous TiCl, (70 °C
for 30 min), rinsed with EtOH, and heated at 500 °C for 30 min.
After cooling down to 80 °C the TiO, coated plate was immersed
into a 2.0 X 10~* M solution of organic dyes in THF/EtOH (1:1)
containing 2.0 X 10-2 M chenodeoxycholic acid (CDCA) for 20 h at
room temperature in the dark. For the reference devices with N719,
the plate was immersed into a 5.0 X 10~ M solution of the dye in
EtOH containing equimolar CDCA under the same experimental
conditions. Counter electrodes were prepared according to the fol-
lowing procedure: A 1 mm hole was made in a FTO plate by using
diamond drill bits. The electrodes were then cleaned with a deter-
gent solution for 15 min by using an ultrasonic bath, 10% HCI,
and finally acetone for 15 min by using an ultrasonic bath. After
treatment in the UV-O; system for 18 min, a drop of a 5X 103 m
solution of H,PtCls in EtOH was added and the thermal treatment
at 400 °C for 15 min was repeated.
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The dye-adsorbed TiO, electrode and Pt counter electrode were
assembled into a sealed sandwich-type cell by heating with a hot-
melt ionomer-class resin (Surlyn 25-pm thickness) as a spacer be-
tween the electrodes. A drop of the electrolyte solution (Z960: 1.0 M
1,3-dimethylimidazolium iodide, 0.03 m I, 0.05 m Lil, 0.10 M gua-
nidinium thiocyanate, and 0.50 M 4-tert-butylpyridine in acetoni-
trile/valeronitrile, 85:15; for N719-based cells the standard electro-
Iyte A6141 was used: 0.6 M N-butyl-N-methylimidazolium iodide,
0.03 M I,, 0.10 M guanidinium thiocyanate, and 0.5 M 4-tert-butyl-
pyridine in acetonitrile/valeronitrile, 85:15) was added to the hole
and introduced inside the cell by vacuum backfilling. Finally, the
hole was sealed with a sheet of Bynel and a cover glass. A reflective
foil at the back side of the counter electrode was taped to reflect
unabsorbed light back to the photoanode.

Photovoltaic and Photoelectrical Characterization of DSSCs: Photo-
voltaic measurements of the DSSCs were performed with an antire-
flective layer on top of the cells under a 500 W xenon light source
(ABET Technologies Sun 2000 class ABA Solar Simulator). The
power of the simulated light was calibrated to AM 1.5
(100 mWcm™2) by using a reference Si cell photodiode equipped
with an IR cutoff filter (KG-5, Schott) to reduce the mismatch in
the region of 350-750 nm between the simulated light and the AM
1.5 spectrum. Values were recorded after 3 and 24 h and 3 and 7d
of ageing in the dark. Curves I-V were obtained by applying an
external bias to the cell and measuring the generated photocurrent
with a Keithley model 2400 digital source meter. Incident photon-
to-current conversion efficiencies (IPCE) was recorded as a func-
tion of excitation wavelength by using a monochromator (Omni
300 LOT ORIEL) with single grating in Czerny-Turner optical de-
sign, in AC mode by using a chopping frequency of 1 Hz and a
bias of white light (0.3 sun). EIS spectra were obtained by using
an Eg&G PARSTAT 2263 galvanostat potentiostat. The measure-
ments were performed in the frequency range from 100 kHz to
100 mHz under ac stimulus with an amplitude of 10 mV and no
applied voltage bias. The obtained Nyquist plots were fitted by a
nonlinear least-square procedure by using the equivalent circuit
model in Figure 8.

Supporting Information (see footnote on the first page of this arti-
cle): Synthesis of TB-P and TB-T, '"H NMR and '*C NMR spectra
for all new compounds, HOMO and LUMO energy levels of the
dyes (pictorial view), and spectroelectrochemical curves.
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