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We report the synthesis and characterization of five new donor—n—spacer—acceptor dye molecules
with a diphenylamine donor, fluorene-1,2,5-oxadiazole spacers and a range of acceptor/anchor groups
(carboxylic acid 1, cyanoacrylic acid 2 and 3, alcohol 4 and cyano 5) to facilitate electron injection from
the excited dye into the TiO, photoanode in dye-sensitized solar cells (DSSCs). Detailed photophysical
studies have probed the dyes’ excited state properties and revealed structure—property relationships
within the series. Density functional theory (DFT) and time dependent DFT (TDDFT) calculations provide
further insights into how the molecular geometry and electronic properties impact on the photovoltaic
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Accepted 25th November 2013 in the UV region, which means the dye-sensitized TiO, is essentially colorless. Nevertheless, DSSCs
assembled from 1 and 2 exhibit photovoltaic power conversion efficiencies of n = 1.3 and 2.2%,

respectively, which makes the dyes viable candidates for low-power solar cells that need to be
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Introduction

Interfacial electron transfer between semiconductor nano-
particles and molecular adsorbates has been the subject of
intense research activities in the past few decades.' In terms of
solar energy conversion, the semiconductor-liquid junction
solar cell is established as a very promising approach for solar
energy conversion and different strategies have been proposed
to generate electrical energy from sunlight. For instance, direct
collection of light by the semiconductor is feasible when the
photonic energy exceeds the energy gap between the valence
band and the conduction band of the semiconducting material.
In such a case, an electron is promoted from the valence band
to the conduction band leaving a positively charged hole behind.
Then, usually the hole migrates to the semiconductor/solution
interface where it oxidizes a redox-active species in solution.
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transparent and colorless and for applications that require enhanced harvesting of UV photons.

In contrast, the electron moves away from the interface towards
the electrode and an external circuit is set up. On the way to the
counter electrode its free energy can be partially extracted,
whereas after reaching the counter electrode it is captured by
the oxidized redox-active molecule. Importantly, the net chemical
reaction in such an arrangement is nil, since every oxidation
process at the interface has its counterpart in an interfacial
reduction reaction.?

For semiconductor materials that can absorb significant
portions of the solar spectrum (bandgaps: 1-2 eV) such a direct
energy conversion strategy may be considered very efficient.
Unfortunately, many of these materials with suitable bandgaps
easily undergo destructive hole-based reactions or react with water
or oxygen to generate electrically insulating barrier layers.>*

On the other hand, materials that are kinetically resistant
to photocorrosion often exhibit relatively large bandgaps. One
of the conditions for efficient solar energy conversion, however,
is the absorption of the high-energy visible portion of the solar
spectrum, ie. light of 400 to 700 nm wavelengths. Hence,
wide-bandgap semiconducting materials such as anatase TiO,
(Epg = 3.2 eV, absorption onset 1 = 380 nm), for instance, can be
converted into efficient visible-light absorbers by coating them
with colored dye molecules.” In such materials, light absorp-
tion results in the promotion of an electron from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) of the dye. Provided there is efficient
electronic coupling between the dye and the semiconductor, the
created high-energy electron may be injected into the conduction
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band of TiO,, from where it is transported away to a dark
electrode and is able to perform electrical work. This process
leaves the dye in its oxidized bleached form and its regenera-
tion to the light-absorbing ground state occurs upon reacting
with a solution-phase reductant. The solution species then
diffuses to the dark electrode, where it can combine with an
electron to complete the circuit.’

To date, many different technologies, which utilize the above-
mentioned principles for direct conversion of solar light to electric
energy, coexist and compete with each other. Particular examples
are crystalline silicon, semiconductor (e.g., GaAs)-based cells, thin-
film (e.g., CdTe) solar cells, organic bulk heterojunction (BHJ)
solar cells and dye-sensitized solar cells (DSSCs).” Among them,
the DSSCs have been considered most promising due to their
unique biomimetic operating principles.

Briefly, DSSC devices comprise: (i) a transparent conducting
oxide substrate, (ii) a mesoporous semiconductor (predomi-
nately TiO,) film sensitized with dye molecules, (iii) an electro-
lyte layer containing a redox couple, and (iv) a counter
electrode. After absorption of sunlight the photosensitizer is
excited into a higher energy state, from which the photoexcited
electron is injected into the conduction band of the TiO,. After
percolation through the thin mesoscopic semiconductor film,
the injected electrons are collected by the conducting substrate
and flow into the external circuit. A crucial component in this
process is the dye sensitizer. Presently, organic sensitizers for
DSSCs fall into two main categories: metal-polypyridyl complexes®
and metal-free organic dyes.’ DSSCs based on ruthenium(m)-
polypyridyl complexes usually show high photovoltaic efficien-
cies in the range of 10 to 11% due to their wide absorption from
the visible to the near-infrared (NIR) regime of the solar
spectrum. On the other hand, pure metal-free organic dyes
generally possess relatively narrow spectral response within the
400 and 700 nm range with lower efficiencies. Presently, only a
few metal-free organic sensitizers are capable of achieving more
than 9% photovoltaic efficiency in combination with the clas-
sical iodide electrolyte. Moreover, achieving appropriate device
stabilities is still a great challenge. The major advantages of
organic dyes compared to ruthenium complexes are lower
material costs and their tunable spectral response and band
gaps, arising from the flexibility for systematic structural mod-
ifications using relatively straightforward synthetic procedures.
Most of these pure organic sensitizers employ an electron donor-
n-bridge-electron acceptor (D-n-A) chemical architecture.'®
Owing to the absorption properties of the dyes, the dye-
sensitized TiO, films usually exhibit a yellow to dark red color
and are scarcely transparent. As mentioned above, incorporat-
ing dyes with high extinction coefficients in the visible part of
the solar spectrum is a prerequisite to achieve good light-
harvesting properties and high photovoltaic efficiencies.
Thereby, transparency of the device may be desirable but not
essential. Nonetheless, many applications exist which do not
require the highest solar energy conversion efficiencies, but for
which transparency is a crucial factor. In this context, low-
power display technologies, which may be implemented onto
the windshields of cars or airplanes, could certainly benefit
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Chart 1 Structures of the dye molecules used in this work.

from transparent power modules. In a similar fashion, clear
solar cells could readily power wristwatches directly from the
glass crystal instead of from built-in solar batteries, which
currently limits the industry’s freedom of design. Going even
further, if the clearness is due to a shift of the absorption
features to the UV region, the cells could be advantageous for
applications in environments with enhanced UV irradiation
such as outer space. One can certainly find many more examples,
where colorless batteries may provide a viable solution for the
power supply of devices, which do not necessarily require high
conversion efficiencies but have to rely on transparency.

On that account, in this publication we present a novel class of
D-n-A dye molecules with (diphenylamino)fluorene electron
donating moieties, diphenyl-oxadiazole m-spacers and various
electron acceptors/anchoring groups (Chart 1). Their absorption
features are located in the UV region and would not necessarily
suggest significant DSSC activities. Nevertheless, solar cell devices
assembled from 1 and 2 exhibit photovoltaic power conversion
efficiency values of # = 1.28 and 2.19%, respectively, which makes
the dyes viable candidates for transparent low-power solar cells
and for applications that require enhanced harvesting of UV
photons. An extensive photophysical investigation combined with
molecular modeling studies has revealed the impact of the subtle
structural differences of the dyes on their electronic properties.
Photovoltaic measurements were conducted to test the photo-
current efficiencies and relate them to the dye architecture. In
particular, laser spectroscopic techniques establish the singlet
excited state characteristics of the dyes in solution and the charge
injection and charge recombination dynamics on TiO,."""'> The
insights gained into the structure-dependent electron transfer
behavior, together with the molecular modeling and photovoltaic
studies, help to explain the high conversion efficiencies and may
suggest how to improve them further.

Experimental section

Full details on the experimental section including film prepara-
tion, laser studies, device fabrication, I-V/IPCE measurements
and complete synthetic procedures are given in the ESL
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Results and discussion
Molecular design and synthesis

The dye molecules 1-5 (Chart 1) comprise donor diarylamine
units and spacer fluorene™ and oxadiazole'® units which are
known to possess excellent thermal and chemical stabilities. A
variety of substituents/anchoring units are attached to the
terminal phenyl ring, namely carboxylic acid (1), cyanoacrylic
acid (2 and 3), alcohol (4) and cyano (5). The syntheses of the
dyes are based on procedures described previously for analogs
which did not contain an anchoring unit attached to the
terminal phenyl ring."* The additional fluorenyl unit in 3 was
incorporated to probe the effects on the spectral response of a
more extended m-system in the core of the molecule. The
synthetic procedures for 1, 2, 4 and 5 are shown in Schemes
1 and 2. The spectroscopic and analytical data which confirm
the molecular structures of 1-5 are presented in the ESL

Photophysical investigation

Fig. 1 shows the absorption spectra of the investigated dyes, 1, 2
and 3 in 0.1 mM tert-butanol/acetonitrile (1:1 v/v) solutions
and on 5 pum thick TiO, films. In solution, two broad over-
lapping maxima are found for all three dyes. In accordance with
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Scheme 1 Synthesis of dyes 1 and 5. Reagents, conditions and yields: (i)
TBTU, THF, DIPEA, 20 °C, 24 h, then POCls, reflux 12 h, 16%; (ii) Bopin,,
[PACly(dppf)l, KOAc, DMF, 80 °C, 15 h, 51%; (iii) [PdCl,(PPhsz),], NaOH (aq),
THF, 65 °C, 45%; (iv) KOH (aq), EtOH/H,0, reflux, 15 h, then HCl (aq), 57%.
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Scheme 2 Synthesis of dyes 2 and 4. Reagents, conditions and yields: (i)
pyridine, reflux, 72 h, 57%; (ii) NBS, benzoyl peroxide, 1,2-dichloroethane,
70 °C, 15 h, 48%; (iii) Bopiny, [PAClx(dppf)], KOAc, DMF, 80 °C, 15 h, 48%; (iv)
E, [PAClx(PPhs),], NaOH (aq), THF, 65 °C, 76%; (v) PCC, DCM, 20 °C, 1 h,
60%,; (vi) cyanoacetic acid, NH4OAc, AcOH, reflux, 15 h, 50%.
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Fig. 1 Absorption spectra of 1, 2 and 3 in a tBUOH/ACN (1:1 mixture)

0.1 mM solution. Inset: Absorption spectra of 1, 2 and 3 on 5 um thick TiO,
films with normalized intensities.

the highly n-conjugated donor-acceptor type chemical archi-
tecture these two maxima correspond to n-rn* charge transfer
(CT) excitations within the delocalized and overlapping n-system
of diphenylamine (DA)-fluorene (FL) and the anchoring moieties.
The CT character of the excitations has also been confirmed by
TDDFT calculations (see below). The red-shifts of the absorption
edges correspond well with the relative n-conjugation length of
the molecules. Extended conjugation of the cyanoacrylic acid
anchoring group in 2 and 3 shifts the edges of their absorption
spectra by nearly 30 nm to the red as compared with the
carboxylic acid terminated 1. Hence, 1 absorbs up to 400 nm,
whereas the tails of 2 and 3 extend to 430 nm. Remarkably, the
extension of the n-conjugation length by an additional fluorene
unit, when going from 2 to 3, causes only a slight shift of the
absorption maxima to the red by 4 nm. However, the additional
fluorene significantly increases the extinction coefficient of 3.
The extinction coefficients amount to 2.3 x 10* M~! em™,
33 x 10" M 'em ™t and 5.0 x 10* M~ em ™! for 1, 2 and 3,
respectively.

To study the applicability in photovoltaic devices, the dyes
were adsorbed on 5 um thick transparent TiO, films. The inset
of Fig. 1 shows the corresponding absorption spectra after 16 h
dye loading on TiO,. The spectral changes as compared with
bare TiO, corroborate the adsorption of the dyes onto the
semiconductor surface. For instance, 1 exhibits a significant
red-shift of its absorption edge by almost 30 nm due to solid-
state interactions on the TiO, surface. In 2 and 3, on the other
hand, the absorption spectrum is rather blue-shifted with a
shoulder developing between 360 and 315 nm. This makes the
film nearly colorless while assuring strong interactions due to
the binding modalities of the cyanoacrylic acid acceptor.'*
Remarkably, in 3 the differences in extinction coefficients as
compared with 2 are retained after the absorption onto TiO,.

Femtosecond and nanosecond time-resolved spectroscopic
techniques were employed to probe the dynamics of the photo-
induced charge transfer processes in solution and as adsorbed
on the TiO, surface. The two molecules 4 and 5 were included
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in the time-resolved solution studies as references. Among
these, 5 bears a cyano anchoring group, which exhibits only
very weak electron accepting properties, whereas the hydroxylic
moiety in 4 entirely lacks acceptor properties. The binding to
TiO, was found to be negligible for both 4 and 5. Accordingly,
the spectroscopic investigation of these two molecules was
limited to solution studies, where photoexcitation results in
the population of the singlet excited states.

As seen from the electronic structure of the frontier orbitals
(see below) the two different anchoring groups lead to a variation
of the LUMOs of 4 and 5. In particular, in 4 the LUMO and the
LUMO + 1 are delocalized throughout the entire structure
lacking orbital coefficients on the OH-terminus. In contrast,
the electron withdrawing effect of the cyano-group in 5, pro-
motes a spatial localization of the LUMOSs on the anchoring part
and a decoupling from the HOMO. Due to this donor-acceptor
structure in 5, the singlet excited state formation is associated
with a charge shift from the electron donating part to the
electron accepting part. The result is a stable intramolecular
radical ion pair with the positive and negative charges localized
on the DA and the anchoring moieties, respectively. Importantly,
the DA radical cation is spectrally active’> and its spectral
fingerprint in solution is used to identify the formation and
deactivation of the oxidized state of the remaining dyes on TiO,.
It should also be noted that the formation of such decoupled
polarons (radical ions) suggests that the low-energy polaron
absorptions in the gap should be observed, as well. However,
due to the strongly delocalized nature of the m-systems, these
features are masked by the rather broad excited state absorption.

In 4, on the other hand, the singlet-excited state formation
results from n-n* transitions within the DA and fluorene orbitals
of a strongly delocalized nature, hence, lacking a radical ion pair
character. In line with this hypothesis, the transient absorption
spectrum of a solution of 4 mainly derives from features of local
excitations of the DA/fluorene backbone (see theoretical studies)
and resembles typical fluorene excited state absorptions.'® The
singlet excited state in 4 forms immediately after laser excitation
and is identified by a small shoulder at 480 nm and a broad
maximum between 550 and 700 nm (Fig. 2 - top). The deactiva-
tion occurs following first order kinetics with a rate of ksp = 4.6 x
10° s~ . The transient absorption spectrum of 5 resembles at very
early stages comparable excited state features, i.e. a shoulder at
480 nm and a broad maximum between 550 and 700 nm, as
found in 4. These, however, transform on the time-scale of
approximately 1 ps (kcs = 1.5 x 10" s~ %) into new absorptions
with a broad maximum between 470 and 580 nm and a sharp
peak at 670 nm (Fig. 2 - bottom) suggesting another process as a
deactivation channel of the photoinduced absorption. In line
with the electron accepting features of the cyano group and the
resulting localization of the LUMO, the low-energy excitation of
the fluorene moieties promotes in a second step the charge shift
from the DA-localized HOMO to the LUMO on the CN-terminus.
Hence, we attribute the newly developed absorption to the
radical cation of the DA moiety (DA*"). Such HOMO to LUMO
charge transfer transitions, which result in the formation of
intramolecular radical ion pairs, are common for this type of
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Fig. 2 Transient absorption spectra obtained upon femtosecond pulsed
laser excitation (Leyc = 400 nm) of tBUOH/ACN (1:1) 0.1 mM solutions of 4
(top) and 5 (bottom) with several pump-probe time delays at room
temperature. Insets: corresponding time profiles illustrating the kinetics
of the signals at different wavelengths.

organic donor-acceptor dyes'” and were confirmed by our
TD-DFT studies. The DA radical cation features decay with very
fast kinetics (ksp = 4.3 x 10'° s7") on a time-scale of less than
100 ps in solution. It should be mentioned that the broad shape
of the radical cation signature stems from the fact that the
donor conjugates into the bridge, which allows for an excellent
spatial delocalization of the positive charge upon oxidation of
the DA nitrogen atom. This is particularly obvious when
scrutinizing the electrostatic potentials of the oxidized species
of the dyes (Fig. 7).

The femtosecond transient absorption spectra of the solu-
tions of 1, 2 and 3 (Fig. 3) exhibit spectral fingerprints, which
are comparable to those seen in the reference systems 4 and 5.
Thus, in 2 and 3 with the strong cyanoacrylic acid acceptor the
DA/fluorene excited state features transform into the corre-
sponding radical ion pair features on a time scale of <2 ps
(kcs = 1.2 x 10" s7 " for 2 and kcs = 1.7 x 10" s~ for 3).
The latter decays with dynamics following first order kinetics
(ksp = 5.1 x 10"° s~ for 2 and ksp = 5.0 x 10'° s~ for 3) with a
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Fig. 3 Transient absorption spectra obtained upon femtosecond pulsed
laser excitation (lexc = 400 nm) of tBUOH/ACN (1:1) 0.1 mM solutions of
1 (top), 2 (middle) and 3 (bottom) with several pump—probe time delays at
room temperature.

rate similar to 5. In 1, on the other hand, the singlet features
vanish rather slowly (ksp = 5.8 x 10° s~ ') and the corresponding
radical cation signature does not evolve.

In the presence of an electron acceptor such as TiO, the
situation changes significantly. Given the fact that the binding
through the cyanoacrylic acid anchoring group provides sufficient
electronic coupling for charge injection into the conduction band
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of the semiconductor, this process occurs extremely rapidly in
2 and 3. In fact, immediately after 0.6 ps the signature of
the oxidized state of both dyes is present in their spectra
(Fig. 4 - top). In the first 300 ps this very fast charge injection
is followed by a decay (t,, = 168 ps for 2 and 14/, = 47 ps for 3) to
approximately 60% of the initial intensity, which then remains
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Fig. 4 Transient absorption spectra obtained upon femtosecond pulsed
laser excitation (lexe = 400 nm) of 1 (top), 2 (middle) and 3 (bottom)
adsorbed on 5 pm-thick TiO, mesoporous films with several pump—probe
time delays at room temperature. Insets: corresponding time profiles
illustrating the kinetics of the signals at different wavelengths.
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constant on the time-scale of our experimental setup (1100 ps).
Assuming that the relatively high pulse energies generate more
than one electron per particle during one pulse, due to the
relatively short distance between the donor center and the
anchoring group, some of these electrons will rapidly recom-
bine with the oxidized dye (intraparticle electron-hole recom-
bination)'® whereas others diffuse in the TiO,. Hence, at such
high carrier concentrations only 60% of the generated electrons
diffuse into the TiO,, which leads to long-lived charge sepa-
rated states and is reflected in the persistence of the spectral
signals of the radical ion pair species.

The electron injection in 1 occurs slightly slower due to the
lower electron affinity of the carboxylic acid anchor as com-
pared with the cyanoacrylic acid. Unlike in 2 and 3, the
formation of the singlet excited state is clearly identified as
the initial state in 1 (Fig. 4 — bottom). The excited state then
transforms on a time-scale of 8 ps into the features of the
oxidized DA cation. The fate of the radical cation signal,
however, is comparable to the trends established for dyes 2
and 3, where the fast electron injection is governed by the
effective coupling of the cyanoacrylic acid to TiO,.

To probe the kinetics of the charge recombination between
electrons injected into TiO, and the oxidized states of the dyes
nanosecond flash photolysis measurements have been employed.
In these experiments the excitation energies are kept at very low
levels as compared with the foregoing femtosecond studies
allowing the injection of less than one electron per pulse per
nanoparticle. Under such conditions, charge carrier recombi-
nation in each nanoparticle volume compartment involves a
single electron-hole pair. Notably, if diffusion of carriers from
one particle to the other is neglected in the sub-ms time-scale,
this reaction can be described by a first order rate law.'® This
allows for probing the regeneration of the dyes’ ground state by
back-electron transfer from TiO,, which now takes place in the
ps-ms timescale.

As expected, the characteristic features of the oxidized state,
namely the broad absorption between 440 and 580 nm and the
sharper peak around 670 nm (Fig. 5), evolved equally, confirm-
ing the stable nature of the oxidized species of the dyes on TiO,.
Remarkably, the signals decay with relatively slow kinetics, i.e.
kcr=8.3 x 10%s *for 1, kcg = 1.3 x 10° s7* for 2 and kcg = 1.8 X
10* s7* for 3 (Table 1). The fact that in the oxidized state the
dihedral angles between the FLs and the adjacent phenyl rings
decrease in 1 and 2 suggests that photoinduced charge injec-
tion is connected to a slight gain in enthalpy due to increased
conjugation by planarization of the n-system (see molecular
modeling). This, in turn, will result in the stabilization of the
oxidized states of the dyes leading to remarkably long recom-
bination times in the range of milliseconds in 1 and 2 and tens
of microseconds in 3. The significantly faster recombination in
3, on the other hand, complies well with the fact that in 3 the
corresponding dihedral angles do not decrease and, hence, a
comparable gain in enthalpy to 1 and 2 is not present. Notably,
although the variations of the dihedral angles by values
between 2 and 4 degrees may seem rather subtle, considering
the fact that they have been established from calculations under
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Fig. 5 Representative transient absorption spectra obtained upon nano-
second flash photolysis (lexc = 420 nm) of 2 (top) and the corresponding
normalized time profiles of the signals at 600 nm of 1, 2 and 3 (bottom),
which compare the deactivation kinetics in the absence of an electrolyte
(EL) and in its presence as recorded on 5 um thick TiO, with several time
delays at room temperature.

Table 1 Summary of the rate constants and half-lifetimes (z1/,) obtained
for all different processes, i.e. singlet excitation (ks), charge separation
(kcs), charge injection (kc)), singlet deactivation (ksp), charge recombina-
tion (kcr) and dye regeneration (kpg) for all dyes 1-5 in 0.1 mM tBuOH/
ACN (1:1v/v) solution and on 5 pm TiO;, films as obtained by femtosecond
and nanosecond transient absorption measurements with 400 and 420 nm
light excitation, respectively

1 2 3 4 5
tBUOH/ACN

ks/s - 2.5 x 10" 3.6 x 10* 1.4 x 10"* 3.8 x 10" 2.6 x 10"
T1/2 0.39 ps 0.28 ps 0.70 ps 0.26 ps 0.39 ps
kesls ™t - — 1.2 x 10"* 1.7 x 10* — 1.2 x 10'?
T1/2 0.7 ps 0.6 ps 0.7 ps
ksp/s ' - 5.8 x 10° 5.1 x 10'° 5.0 x 10'° 4.6 x 10° 4.3 x 10"
Ty 172 ps 19 ps 20 ps 217 ps 23 ps
TiO,

ka/s ™' - 1.8 x 10"* 4.1 x 10" 3.1 x 10" — —

T1/2 0.55 ps 0.24 ps 0.32 ps

ker/s™' - 8.3 x 10> 1.3 x 10° 1.8 x 10* — —

T1/2 1.20 ms 770 us 56 us

TiO, with EL

kpr/s™t- 7.6 x 10° 4.1 x 10° 6.1 x 10° — —

T2 10 ns 24 ns 17 ns
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vacuum, their effects on the TiO, surface, where intermolecular
solid-state interactions restrict conformational changes to a
much higher extent than in solution, become much more
significant regarding the stabilities of the oxidized dye species.

The addition of the Z960 redox electrolyte solution promotes
a ten-fold decrease of the lifetime of the DA®" signal (Table 1),
which confirms that the long lifetimes of the oxidized species
of the dyes are governed mainly by the dyes’ structural differ-
ences and their changes upon photoexcitation. The reason for
this is that in the presence of a redox electrolyte solution dye
regeneration by electrons from the iodide competes with the
charge recombination processes mentioned above. The regen-
eration process occurs much faster than the charge recombina-
tion by back electron transfer from TiO,. Furthermore, as seen
from the dye regeneration rate constants (kpg) shown in
Table 1, they do not reveal significant differences among each
other, which suggests that the regeneration process is fairly
independent of the dye structure. Hence, the chemical archi-
tecture significantly impacts the charge recombination and the
amount of electrons present in TiO, after injection.

Molecular modeling

To investigate the molecular structures and electronic proper-
ties of 1-5, density functional theory (DFT) methods have been
employed. All geometries have been optimized using the M062X"°
functional with the 6-31G(d)*° basis set as implemented into the
Gaussian 09*' suite of programs.

Considering the energy-minimized geometries (Fig. S1, ESIT),
the structural differences between the different dyes are rather
subtle. Characteristic for all dyes is that the linker between the
DA donor and the anchoring group significantly deviates from
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planarity. In all systems the torsions between the FL unit and the
adjacent phenyl rings comprise dihedral angles of 36 to 39°.
Hence, these torsions imply not only a spatial but also an
electronic decoupling of the donor and acceptor moieties. Such
electronic separation of donor and acceptor orbitals (see Fig. 6)
gives rise to a permanent dipole moment and a directive
vectorial driving force for the electrons to be transferred from
the donor to the acceptor. The corresponding dipole moment
vectors are shown in Fig. S2 (ESIt).

Fig. 6 provides a representation of the frontier orbitals of
dyes 1-5 including the HOMO — 1 and the LUMO — 1 for
comparison. At first glance, the acceptor strength, which corre-
sponds to an increase in electron affinity from the hydroxyl over
the carboxyl to the cyano and the cyanoacrylic acid group, is
reflected in the extent of localization of electron density of the
lowest unoccupied molecular orbitals (LUMOs) on the anchor-
ing termini. Thus, in 4 the LUMO is rather delocalized with
coefficients reaching into the DA donor. Importantly, no elec-
tron density is found on the hydroxyl anchoring part. In
contrast, 2 and 3 exhibit strongly localized LUMOs with the
highest coefficients on the anchoring parts, whereas electron
density of the LUMO + 1 orbitals is localized mainly on the
spacer between the donor and the acceptor. 1 and 5 exhibit a
comparable localization of electron density on the anchoring
parts but to a lesser extent than in 2 and 3. The LUMO + 1
orbitals are delocalized over the entire molecular structure.

The highest occupied molecular orbitals (HOMOs) are iden-
tical for all the dyes and are localized on the DA and the FL
moiety. They remain invariant upon changing the anchoring
groups corroborating the fact that the above-mentioned dihedral
angles in the linker moiety electronically decouple the donors

Fig. 6 Representation of the frontier orbitals HOMO — 1 to LUMO + 1in the neutral state for the dyes 1-5 showing the invariance of the HOMO and the
localization of the LUMO in correlation with the electron affinity of the anchoring groups. For consistency, dye 3 diphenylamine replaces di(p-tolyllamine.
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Table 2 MO062X energies in eV of the frontier orbitals of 1-5 with the corresponding HOMO-LUMO gaps and wB97XD lowest excited state properties

calculated by TD-DFT methods

1 2 3 4 5
Orbitals
LUMO + 1 —0.25 —0.74 —0.65 —2.4 —0.97
LUMO —0.87 —1.4 —1.2 —2.7 —2.1
HOMO —6.1 —6.1 —6.1 —6.1 —6.0
HOMO - 1 —7.1 —-7.3 —7.2 —7.1 —6.8
HOMO-LUMO gap 5.2 4.7 4.9 3.4 4.0
Lowest excited state E,: 3.43 eV E,: 3.42 eV E,: 3.64 E,: 3.43 eV E,: 3.43 eV
Jexe = 361 nm Jexe = 363 nm Jexe = 341nm Aexe = 361 nm Jexe = 361 nm
f=2.08 f=2.35 f=311 f=2.07 f=2.07
H->L+1 H->L+1 H-—1->L H->L H->L+1

and the anchors from each other. The invariance of the HOMOs
is also reflected by their energies as shown in Table 2. The
situation concerning the LUMO energies is different.

In general, the LUMO energies follow the electron affinity of
the anchoring group and the increasing spatial localization of
the orbital coefficients. In other words, in 4, where the electron
accepting features of the OH anchor are negligible, the LUMO
is fairly well delocalized and its energy is highest. 2 and 3
comprise the anchoring groups with the highest electron
affinity; accordingly the LUMOs are strongly localized and their
energies are significantly lower than in the other dyes. The
HOMO-LUMO energy gaps follow the same trends. Notably, the
energies of 3 are slightly higher than of 2. This can be explained
by the second fluorene moiety of 3, which does not contribute
to the extension of n-conjugation as compared with 2 due to the
bifluorenyl dihedral angle of 36°. Consequently, increasing
the electron affinity of the anchor and, therefore, decoupling
the HOMO from the LUMO appear to lower the HOMO-LUMO
energy gap by shifting electron density onto the anchor. This
not only lowers the energies for singlet-excitation but also
creates a directive driving force for electron transfer from the
donor to the acceptor. Additionally, the electronic coupling
into TiO, is improved with increasing electron density on the
anchoring part, which facilitates the charge injection into TiO,.
Obviously, the dihedral angles between the fluorenes and the
adjacent phenyls favor the localization of electron density on the
anchoring groups. Together with electron-withdrawing anchoring
groups a directive HOMO to LUMO singlet excitation will most
likely result in a nearly activationless charge injection into TiO,.

To gain insight into the structural changes that evolve upon
oxidation we have optimized the geometries of the positively
charged species of the dye molecules. It turned out that in the

H-1->L+1

oxidized state the dihedral angles between the fluorene moi-
eties and the adjacent phenyl rings decrease by at least 2°
(Fig. S1, ESIt). As seen in Fig. S3 (ESIT), the singly occupied
molecular orbitals (SOMOs) of 1, 2, 4 and 5 resemble the
HOMO electron density, however, they are significantly more
delocalized over the entire molecular structure. In general, this
would match the fact that if electron density is removed from
the HOMO the electrostatic repulsion to the filled p-orbitals of
the electron-rich fluorene and phenyl moieties decreases,
which allows for a slightly more planar conformation of the
spacer between the donor and the acceptor. This, in turn,
enhances the delocalization, which stabilizes the oxidized
species. Notably, the electron density of the LUMOs is shifted
towards the donor sites as well, which agrees with the slightly
decreasing dihedral angles and increasing delocalization. Due
to the additional fluorene moiety, the situation is slightly
different for 3, where only the first dihedral angle decreases
upon oxidation. As a consequence, the SOMO exhibits the main
orbital contributions on the fluorene moieties rather than on
the donor sites. Hence, by introducing a second fluorene
moiety the oxidation potential of the fluorenes is lowered,
which renders them reasonable electron donors as confirmed
by the TD-DFT studies. Another effect of the extension of the
spacer between the donor and the acceptor by incorporating a
bifluorenyl unit is seen when examining the electrostatic
potential maps of the oxidized states in Fig. 7. There, the
delocalization of the positive charge (red) in the oxidized form
of 3 is improved due to the spatial extension of the m-system.
This stabilizes the oxidized state and favors its formation.
Finally, time-dependent DFT (TD-DFT) methods were
employed to study the nature of the lowest-energy electronic
transitions and determine the orbitals involved. The TD-DFT

Fig. 7 Mappings of the electrostatic potential (ESP) of the oxidized state of all dyes showing the differences in localization of the positive charge (red).
Color code: blue to red: —0.1 e to 0.1 e™. For consistency, for dye 3 diphenylamine replaces di(p-tolyllamine.
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calculations were conducted on the previously optimized geo-
metries using the wB97XD>* functional, which is known to include
empirical dispersion functions. For each molecule the five lowest
excited states have been computed applying the polarizable con-
tinuum model® to simulate solvent interactions in dichloro-
methane. The calculations indicate that the excited states with
the lowest energies stem for the most part from HOMO to LUMO + 1
transitions for 1, 2, and 5, whereas in 4 the lowest excited state is
ascribed to a HOMO to LUMO excitation. In 3, on the other hand,
mainly one-electron excitations from the HOMO — 1 constitute the
lowest excited state (Table 2). As seen from the orbital representa-
tions in Fig. 6, the LUMO + 1 in 1, 2, 3 and 5 contain significant
contributions from the fluorene m-orbitals. In 4, the fluorene
n-system is already involved in the LUMO. Additionally, the
HOMO — 1 in 3 also comprises coefficients largely on the
fluorene moiety. Hence, the TD-DFT calculations confirm that
local excitations of the fluorene n-system will occur instantaneously
prior to charge transfer processes from HOMO to the LUMO and
obviously mix with them due to the extended n-conjugated systems
of all the dyes. Such a mixing will most likely occur when the
fluorene-centered LUMO + 1 is energetically higher than the
acceptor-centered LUMO. Furthermore, increasing the number of
fluorene units as in 3 lowers the oxidation potential of the fluorenes
and significantly increases the oscillator strength of the lowest
excited state in 3. Experimentally, this is reflected in the much
higher extinction coefficient of 3 as compared with 1 and 2. On the
other hand, if the LUMO comprises coefficients on the fluorene
moiety as in 4, the singlet excited state will most likely lack a charge
transfer character.

In conclusion, the calculations have shown a strong dependence
of the excited state properties of the dyes on their electronic
structure. By increasing electron affinity of the anchor it is possible
to vary the dipole moments and increase the electronic decoupling
of the HOMO and the LUMO, which in turn helps to direct the
charge transfer towards TiO,. In other words, increasing the loca-
lization of the LUMO densities and increasing the electron affinity
of the anchoring groups will increase the electronic coupling matrix
element to TiO, and create a vectorial path for the electrons to be
transferred from the donor to the acceptor and finally to TiO,.
However, as seen from the variations of electron density of the
frontier orbitals, the electronic features of the dyes result from a
sensitive interplay of the electronic properties of the building blocks,
ie. the electron donor, the m-spacer and the electron acceptor/
anchoring unit. Hence, even small-scale structural variations may
result in significant changes in the charge transfer properties of the
dyes and - in a further step - in their photovoltaic performances.
Finally, we would like to stress that for these kinds of compounds
an analysis of natural transition orbitals would probably provide a
more accurate description of the excited states.

Photovoltaic studies

Dye-sensitized solar cells. The sensitizers 1, 2 and 3 have been
tested for their photovoltaic performance in dye sensitized solar
cells. Although their absorption spectra overlap with the bandgap
energy of TiO, (3.2 eV-387 nm), during standard photovoltaic
characterization of the device a remarkable photocurrent reaching
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Table 3 Photovoltaic parameters of the devices sensitized with 1, 2 and 3
at 1 Sun illumination. /s stands for the short-circuit photocurrent density,
Vo for the open-circuit voltage, and 5 for the incident light to electricity
power conversion efficiency under AML1.5 illumination conditions

Dye Jse/mA cm > Voo/mV Fill factor 1%
1 2.18 752 0.79 1.28
2 4.68 671 0.76 2.19
3 1.31 581 0.73 0.58

up to 4.7 mA cm™ > was recorded (Table 3). The photoanodes used
in the experiment consisted of a double layered TiO, film — an
8 um transparent layer made of 20 nm sized particles and a 5 um
scattering layer made of 400 nm particles — and they were stained
in the dye solutions for 18 h. The coloration (yellowish) was very
weak; however 2 appeared to be slightly darker than the other
dyes. This translated directly to the efficiency of the photocurrent
generation and the overall efficiency of the devices.

In order to investigate the amount of photocurrent gener-
ated solely by the dyes and not by the direct absorption of the
semiconductor, a set of three types of devices was manufac-
tured: standard DSSCs with photoanodes sensitized with the
dyes, and devices where TiO, was left bare. The IV plots are
presented in Fig. 8. The cells with non-sensitized TiO, yielded
in the best case: Js. = 0.185 mA cm ™2 with V,. = 532 mV, ff = 0.64
and overall power conversion efficiency of 0.06%.

The current generated by the non-sensitized device is con-
siderably lower, even when compared with the devices with
dyes absorbing in the UV region, which is an indirect proof of
the photovoltaic action occurring due to the dye molecules. In
order to measure the external quantum efficiencies (IPCE) of
the devices yielding rather low currents manifested mainly
below 400 nm we had to increase the sensitivity of our setup
and expand the spectral range to 320 nm (limitation due to the
calibration of the spectrum). We did not measure the IPCE for
wavelengths longer than 600 nm. The integrated currents obtained
from these measurements agree perfectly with the J;. measured
during the standard conditions of IV characterization.

Dark current 1 Sun

2 —
3
-~ bare Ti0, —

-2

Current density / mA cm

1

T T T T T T REaza) T
200 300 400 500 600 700
Potential / mV

] u‘)o ' a(‘ao
Fig. 8 [V plots of three best performing devices — one with bare TiO,, two
others sensitized with 1, 2 and 3, respectively. Solid lines correspond to the
measurements done under one Sun illumination (AM1.5), dashed lines —
dark current measurements.
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Fig. 9 Incident photon-to-current conversion efficiency (ICPE) plots for
devices sensitized with 1 (black) and 2 (blue) as well as “dummy”, non-
sensitized devices with TiO, and electrolyte only (red).

Fig. 9 clearly shows that the contribution from TiO, to the
overall photogenerated current is nearly negligible as compared
with the photovoltaic action stemming from the dyes. The
absorption spectra are significantly broadened, reaching up
to 550 nm (2), especially when compared to the spectra of the
dyes adsorbed on TiO, (onset 450 nm).

Conclusions

We have designed, synthesized and probed the photophysical
properties of a new series of D-n-A sensitizers. The absorption
features of these dyes are located predominantly in the UV
region, which means the dye-sensitized TiO, is essentially
transparent. Our results clearly demonstrate that dye molecules
1 and 2, which display power conversion efficiencies of n =1.28
and 2.19%, respectively, with IPCE values exceeding 90% at
A =380 nm, are promising candidates for colorless low-power
solar cells and for applications that require harvesting of UV
photons. Ongoing work aims at enhancing the light harvesting
ability in the UV region through molecular engineering of
metal-free D-n-A dye molecules and at improving the theore-
tical model by employing natural transition orbital theory.
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Figure S1. Optimized geometries of the dyes 1-5 with the corresponding dihedral angles in the neutral state (black) and the dihedral angles in the oxidized positively
charged conformation (red) as mentioned in the manuscript. For consistency, for dye 3 diphenylamine replaces di(p-tolyl)amine.
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Figure S2. Representation of the calculated dipole moment vector for all the dyes. The length of the arrows are related to the absolute values of the dipole moments.
For consistency, for dye 3 diphenylamine replaces di(p-tolyl)amine.
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Figure S3. Representation of the frontier orbitals HOMO-1 to LUMO+1 of the positively charged oxidized state for all dyes.
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Experimental Section.

Film preparation

5 pm thick transparent films of 20 nm sized TiO, particles were first screen-printed on normal flint glass slides. After annealing of
the TiO, layers at 500 °C for 30 min, the films were cooled to 80 °C and immersed overnight into 0.1 mM tBuOH/MeCN (1:1 v/v
mixture) solutions of the dyes. After washing the films for 30 min in pure solvent they were dried and were either coated with a
drop of 3-methoxypropionitrile or with the Z960 electrolyte. The composition of Z960 is 1.0 M 1,3-dimethylimidazolium iodide,
0.03 M |5, 0.05 M lithium iodide, 0.1 M guanidinium thiocyanate and 0.5 M tert-butylpyridine in acetonitrile and valeronitrile
solvent mixture (85:15 v/v).

Laser Studies

Time-resolved pump-probe transient absorption measurements were performed on the previously described dye-sensitized, 5 pm-
thick, transparent TiO, mesoporous films in the presence and absence of the electrolyte Z960. For solution studies 1 mm quartz
cuvettes have been employed.

The pump-probe technique uses a compact 1 kHz, Ti:Sapphire amplified femtosecond laser (CPA-2001, Clark-MXR), with a pulse
width of about 120 fs and a pulse energy of 1 mJ at a central wavelength of 775 nm. The output beam was split into two parts for
pumping a double-stage non-collinear optical parametric amplifier (NOPA) and to produce a white light continuum in a sapphire
plate or 387 nm UV light by second harmonic generation of the CPA output in a thin BBO crystal. The NOPA was pumped by
200 pJ pulses at a central wavelength of 775 nm and the excitation wavelength was tuned to 400 nm to generate pulses of
approximately 10 pJ. The output pulses of the NOPA were compressed in a SF10-glass prism pair compressor down to a duration
of less than 60 fs (fwhm). Iris diaphragms were used to decrease the pulse energy down to a few pJ for the pump and to <1 pJ for
the probe beam. Transient spectra were measured using a white light continuum (WLC) for probing.

The nanosecond laser flash photolysis employed 7 ns duration pulses to excite the sample at 1 =420 nm and using a 30 Hz
repetition rate. An optical parametric oscillator (OPO-355, GWU Lasertechnik) pumped by a frequency-tripled Q-switched
Nd:YAG laser (Powerlite 7030, Continuum) served as a light source. The OPO beam output was expanded by a planoconcave lens
to irradiate a large cross-section of the sample, whose surface was kept at a 45° angle to the excitation beam. The laser fluence on
the sample was kept at a low level (40 pJ cm™ per pulse) to ensure that, on average, less than one electron is injected per TiO,
nanoparticle on exposure to one laser pulse. The probe light, produced by a continuous wave xenon arc lamp, was first passed
through a monochromator tuned at 750 and 900 nm, various optical elements, the sample, and then through a second
monochromator, before being detected by a fast photomultiplier tube (Hamamatsu, R9110).

Device fabrication

The device consists of two electrodes made of FTO glass (NSG 10, Nippon Sheet Glass Co, Ltd. — photoanode and TEC?7,
Pilkington — counterelectrode). A multilayer of TiO, was screen printed onto the photoanode glass: on the bottom a transparent

8 um-thick layer consisted of 20 nm & particles and on the top 5 um-thick scattering layer (400 nm <& particles) and then sintered
at 500 °C. A hydrothermal TiCl, treatment (70 °C for 30 min) was conducted before final sintering at 450 °C for another 30 min
prior to the immersion into dye solutions (dipped for 24 h). The device was assembled by binding the stained photoanode and a
thermally platinized counter-electrode together with a 25 pm-thick hot-melt polymer film (Surlyn, DuPont). The electrolyte (1 M
1,3-dimethylimidazolium iodide, 0.03 M I,, 0.1 M guanidinium thiocyanate, 0.5 M t-butylpyridine, 0.05 M lithium iodide in 85:15
v/v acetonitrile/valeronitrile) was driven into the device via a pre-drilled hole in the counter-electrode with the aid of vacuum
system. The hole was sealed with the Surlyn piece and a covering glass. Metal contacts were placed on the edges of the cell.

IV and IPCE measurements

A homemade setup was used to characterize the photovoltaic performance of the devices. A 450 W xenon lamp (Oriel) served as a
light source and the mismatch between the simulated light and real solar spectrum was corrected with a Schott K113 Tempax
sunfilter (Prézisions Glas & Optik GmbH) in the range 350-750 nm. The voltage bias was applied on the device via a Keithley
2400 digital sourcemeter (Keithley), which also recorded the generated photocurrent. The IPCE setup used for measurements
consisted of a 300 W xenon lamp (ILC Technology), a Gemini-180 monochromator (Jobin Yvon Ltd.), a set of white diodes to
apply a constant light bias, a chopper and a Lock-In Amplifier (SR830, Stanford Research Systems). The cells were masked to
define the illuminated area of 0.159 cm?.
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Materials and Molecular Synthesis.

General Experimental Procedures

All air-sensitive reactions were conducted under a blanket of argon which was dried by passage through a column of phosphorus
pentoxide. All commercial chemicals were used without further purification unless otherwise stated. Anhydrous toluene,
tetrahydrofuran (THF) and diethyl ether (Et,0) were dried through an HPLC column on an Innovative Technology Inc. solvent
purification system. Anhydrous pyridine was dried over KOH pellets. Column chromatography was carried out using 40-60 um
mesh silica. Analytical thin layer chromatography was performed on 20 mm pre-coated plates of silica gel (Merck, silica gel
60F,s4), visualization was made using ultraviolet light (254 nm). NMR spectra were recorded on: Bruker Avance-400 (*H NMR:
400 MHz, BC NMR: 101 MHz), Varian Mercury-200 (*H NMR: 200 MHz), Varian Mercury-400 (*H NMR: 400 MHz, *C NMR:
126 MHz), Varian Inova-500 (*H NMR: 500 MHz, 3C NMR 126 MHz) and Varian VNMRS-700 (*H NMR: 700 MHz, **C NMR
176 MHz) spectrometers. Melting points were determined in open-ended capillaries using a Stuart Scientific SMP3 melting point
apparatus at a ramping rate of 5 °C/min. Mass spectra were measured on a Waters Xevo OTofMS with an ASAP probe. Electron
ionisation (EI) mass spectra were recorded on a Thermoquest Trace or a Thermo-Finnigan DSQ.

General Miyaura Borylation Procedure

In a flame-dried flask under an atmosphere of argon the aryl halide (1.0 equiv.) was dissolved in DMF (2 mL per mmol of halide)
and degassed with argon for 20 min. To this stirred solution B,pin, (1.4 equiv.) and potassium acetate (1.6 equiv.) were added and
the mixture degassed for a further 10 min, after which time [PdCl,(dppf)] (2 mol%) was added and the reaction mixture was
heated to 80 °C for 15 h. The mixture was then cooled, water added and extracted with diethyl ether. The organic extracts are
combined and the solvent removed under reduced pressure. The product was purified by column chromatography on silica gel.

General Suzuki-Miyaura Cross-Coupling Procedure

In a flame-dried flask under an atmosphere of argon the relevant aryl halide and boronic ester or acid were dissolved in anhydrous
THF (2 mL per mmol of halide) and degassed for 20 min. To this stirred solution aqueous NaOH (2-2.5 equiv.) was added and the
mixture degassed for a further 10 min. After this time [PdCl,(PPhs),] (2 mol%) was added and the reaction mixture heated to 65 °C
for 15 h under argon. The reaction mixture was then allowed to cool, filtered through a plug of Celite, washed with water and
extracted with diethyl ether. The solvent was removed from the combined organic extracts under reduced pressure and the crude
product purified by column chromatography on silica gel.

4-(5-(4-Bromophenyl)-1,3,4-oxadiazol-2-yl)benzonitrile (C)

To a stirred solution of 4-cyanobenzoic acid (A) (2.00 g, 0.014 mol), 4-bromobenzohydrazide (B) (2.90 g, 0.014 mol) and TBTU
(4.50 g, 0.014 mol) DIPEA (2.44 mL, 0.014 mol) were added. The reaction mixture was stirred at room temperature for 24 h. After
this time it was poured onto water and extracted with ethyl acetate. The combined organic extracts were washed sequentially with
saturated NaHCO; solution and then 1 M NaHSO, solution. The solvent was removed from the organic layers under reduced
pressure. The crude 4-bromo-N'-(4-cyanobenzoyl)benzohydrazide was dissolved in POCI; (5 mL) and heated to reflux for 12 h.
The excess POCI; was then removed by distillation and the crude product purified by column chromatography on silica gel using
chloroform as eluent to yield C as a white solid (0.71 g, 16%). Mp: 220.3-221.8 °C. *H NMR (400 MHz, CDCl5): § 8.20 (d, J=8.5
Hz, 2H), 7.95 (d, J = 9.0 Hz, 2H), 7.84 — 7.75 (d, 8.5 Hz, 2H), 7.64 (d, J = 9.0 Hz, 2H); **C NMR (101 MHz, CDCl,): § 164.68,
163.21, 132.92, 132.62, 128.47, 127.59, 127.38, 127.09, 122.28, 117.82, 115.38; (HRMS ASAP™) calcd for C,gHg"°BrN;O:
324.9851, Found: 324.9851.

4-(5-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-1,3,4-oxadiazol-2-yl)benzonitrile (D)

The standard Miyaura borylation procedure was followed using the following reagents: C (0.30 g, 0.92 mmol), B,pin, (0.30 g,
1.20 mmol), [PdCly(dppf)] (20 mg, 0.03 mmol), KOAc (0.23 g, 2.3 mmol) and DMF (10 mL). The product was purified by
column chromatography on silica gel using 1 : 1 (v/v) petroleum ether : DCM as eluent to yield D as a white solid (0.18 g, 51%).
Mp: 241.9 — 243.8 °C. *H NMR (400 MHz, CDCl5): 5 8.28 (d, J = 8.5 Hz, 2H), 8.13 (d, J = 8.5 Hz, 2H), 7.97 (d, J = 8.5 Hz, 2H),
7.84 (d, J = 8.5 Hz, 2H), 1.38 (s, 12H); *C NMR (101 MHz, CDCls): & 165.40, 163.15, 135.42, 132.87, 127.77, 127.40, 126.12,
125.46, 117.88, 115.23, 84.32, 25.02, 24.90. HRMS (ASAP™), calcd for C,,H,,'°BN;O,: 374.1753, Found: 374.1791.

4-(5-(4-(7-(Diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl)phenyl)-1,3,4-oxadiazol-2-yl)benzonitrile (5)

The general Suzuki-Miyaura cross-coupling procedure was followed using the following reagents: D (0.28 g, 0.75 mmol), E* (0.48
g, 0.83 mmol), [PACI,(PPhs),] (25 mg, 0.04 mmol), NaOH (0.08 g in 5 mL H,0) and THF (10 mL). The product was purified by
column chromatography on silica gel using initially 7 : 3 (v/v) petroleum ether : diethyl ether changing to 1 : 1 (v/v) petroleum
ether : diethyl ether as eluent to yield 5 as a yellow solid (0.25 g, 45%). Mp: 167.9 — 168.7 °C. *H NMR (600 MHz, CDCly): & 8.29
(d, J =8.0 Hz, 2H), 8.22 (d, J = 8.0 Hz, 2H), 7.84 (t, J = 7.5 Hz, 4H), 7.69 (d, J = 7.5 Hz, 1H), 7.64 — 7.52 (m, 3H), 7.29 — 7.20
(m, 4H), 7.13 (d, J = 7.0 Hz, 5H), 7.02 (m, 3H), 2.00 — 1.80 (m, 4H), 1.19 — 0.94 (m, 12H), 0.78 (t, J = 7.0 Hz, 6H), 0.76 — 0.59
(m, 4H); °C NMR (151 MHz, CDCls):  165.38, 162.98, 152.46, 151.60, 147.89, 147.54, 145.54, 141.42, 137.44, 135.38, 132.87,
129.17, 127.85, 127.69, 127.52, 127.33, 126.12, 123.91, 123.43, 122.61, 121.64, 121.17, 120.63, 119.53, 119.14, 117.90, 115.12,
55.22, 40.22, 31.48, 29.59, 23.78, 22.52, 14.01; HRMS (ASAP™), calcd for Cs;HsoN,O: 746.3985, found: 746.3962.

4-(5-(4-(7-(Diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl)phenyl)-1,3,4-oxadiazol-2-yl)benzoic acid (1)

A mixture of 5 (0.065 mg, 0.09 mmol) and potassium hydroxide (0.13 g, 2.3 mmol) in 3 : 1 ethanol : water solution (10 mL) was
heated to reflux for 15 h. After this time, when the solid had dissolved, the pH was altered to pH 3 by addition of dilute
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hydrochloric acid. The resulting precipitate was filtered, dissolved in dichloromethane and washed with NaHCO; solution. The
organic extracts were combined and the solvent removed under reduced pressure. The product was purified by column
chromatography on silica gel using dichloromethane and then with dichloromethane and 5% acetic acid as eluent to yield 1 as a
yellow solid (38 mg, 57%). Mp: 129.7 — 132.1 °C. 'H NMR (600 MHz, acetone-dg): & 8.16 (d, J = 8.0 Hz, 2H), 8.10 (d, J = 7.0 Hz,
4H), 7.89 (d, J = 8.0 Hz, 2H), 7.83 (d, J = 7.5 Hz, 2H), 7.76 (d, J = 8.0 Hz, 1H), 7.73 (d, J = 8.0 Hz, 1H), 7.32 — 7.26 (m, 4H), 7.20
(d, J=2.0 Hz, 1H), 7.13 — 7.07 (m, 4H), 7.07 — 7.00 (m, 3H), 2.18 — 1.88 (m, 4H), 1.18 — 1.04 (m, 12H), 0.77 (t, J = 7.0 Hz, 6H),
0.72 (s, 4H); 3C NMR (151 MHz, acetone-dg): 8 170.96, 166.02, 165.71, 165.43, 152.46, 151.49, 148.00, 147.54, 144.73, 141.13,
137.96, 136.85, 135.92, 133.55, 131.24, 129.68, 129.25, 128.09, 127.61, 126.82, 126.12, 123.71, 123.50, 122.70, 121.33, 120.81,
119.65, 119.30, 55.18, 39.86, 31.30, 23.70, 22.23, 19.51, 13.34; HRMS (ASAP"), calc for Cs,Hs5,N305: 766.4009. Found:
766.4023.

2-(4-Bromophenyl)-5-p-tolyl-1,3,4-oxadiazole (H)

To a stirred solution of 5-p-tolyl-1H-tetrazole (F) (5.45 g, 33.0 mmol) in pyridine (50 mL) 4-bromobenzoyl chloride (G)(7.84 g,
36.0 mmol) was added and the mixture was heated to reflux for 72 h. The reaction mixture was cooled and poured onto water to
precipitate H which was filtered, dried and isolated as a white solid (6.12 g, 57%). Mp: 205.0 — 206.2 °C. *H NMR (400 MHz,
CDCly): & 8.05 — 7.92 (m, 4H), 7.68 (m, 2H), 7.36 — 7.31 (m, 2H), 2.45 (s, 3H); **C NMR (101 MHz, CDClI;): & 164.93, 163.64,
142.50, 132.41, 129.83, 128.28, 126.94, 126.29, 122.96, 120.96, 21.68. MS (ASAP+) 314 (85%, M+), 179 (100), 119 (45); HRMS
(ASAP*) calcd for C;5H1,N,OBr: 315.0133. Found: 315.0150.

2-(4-(Bromomethyl)phenyl)-5-(4-bromophenyl)-1,3,4-oxadiazole (1)

To a solution of H (2.00 g, 6.3 mmol) in 1,2-dichloroethane (50 mL) N-bromosuccinimide (1.07 g, 6.0 mmol) and benzoyl
peroxide (0.30 g, 1.2 mmol) were added. The reaction mixture was heated to 70 °C for 15 h, then cooled and the solvent removed
under reduced pressure. The product was purified by column chromatography using initially petroleum ether and then petroleum
ether : ethyl acetate (1:1 v/v) as eluents. The product was further purified by recrystallization from acetonitrile and | was isolated
as a white solid (1.12 g, 48%). Mp 184.2 — 186.7 °C. 'H NMR (400 MHz, CDCl3): 8 8.12 (d, J = 8.5 Hz, 2H), 8.01 (d, J = 9.0 Hz,
2H), 7.69 (d, J = 9.0 Hz, 2H), 7.57 (d, J = 8.5 Hz, 2H), 4.54 (s, 2H); *C NMR (176 MHz, CDCl,): 5 164.25, 163.98, 141.62,
132.45, 129.77, 128.32, 127.37, 126.53, 123.60, 122.71, 32.15; HRMS (ASAP"), for Cy5H10Br,N,O calcd: 391.9160. Found:
391.9171.

4-(5-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-1,3,4-oxadiazol-2-yl)benzyl acetate (J)

The general Miyaura borylation procedure was followed using the following reagents: 1 (0.50 g, 1.6 mmol), B,Pin, (1.02 g, 4
mmol), potassium acetate (0.31 g, 3.2 mmol) and [PdCl,(dppf)] (35 mg, 0.5 mmol). The product was purified by column
chromatography on silica gel using petroleum ether (b.p. 40 — 60 °C) with 10% then 30% ethyl acetate as eluent to yield J as a
white solid (0.26 g, 48%). Mp: 168.1 — 169.4 °C. 'H NMR (400 MHz, CDCl,): & 8.14 (m, 4H), 7.97 (d, J = 8.5 Hz, 2H), 7.52 (d, J
= 8.5 Hz, 2H), 5.19 (s, 2H), 2,11 (s, 3H), 1.38 (s, 12H); *C NMR (101 MHz, CDCls): § 170.63, 164.70, 164.37, 139.86, 135.32,
128.53, 127.20, 125.98, 123.70, 84.24, 65.49, 24.89, 20.89; HRMS (ASAP™), for Cy3H,sN,05°B calcd: 420.1971, found:
420.1964.

(4-(5-(4-(7-(Diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl)phenyl)-1,3,4-oxadiazol-2-yl)phenyl)methanol (4)

The general Suzuki-Miyaura procedure was followed using the following reagents: J (0.10 g, 0.24 mmol), E (0.14 g, 0.25 mmol),
sodium hydroxide (0.02 g, 0.57 mmol), H,O (5 mL) and [PdCI,(PPhs),] (0.01 g, 0.01 mmol). The product was purified by column
chromatography on silica gel using 1 : 1 (v/v) petroleum ether (b.p. 40 — 60 °C) : diethyl ether as eluent. The product 4 was
isolated as a yellow solid (0.14 g, 76%). Mp: 73.9 — 76.6 °C. *H NMR (600 MHz, CDCl;): & 8.23 (d, J = 8.5 Hz, 2H), 8.17 (d, J =
8.5 Hz, 2H), 7.83 (d, J = 8.5 Hz, 2H), 7.70 (d, J = 8.0 Hz, 1H), 7.62 (dd, J = 8.0, 1.7 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.58 — 7.54
(m, 3H), 7.28 — 7.23 (m, 4H), 7.16 — 7.11 (m, 5H), 7.06 — 6.99 (m, 3H), 4.83 (s, 2H), 1.99 — 1.80 (m, 4H), 1.19 — 1.00 (m, 12H),
0.79 (t, J = 7.0 Hz, 6H), 0.77 — 0.65 (m, 4H) (OH not observed); *C NMR (151 MHz, CDCl,): & 164.55, 164.39, 152.45, 151.55,
147.91, 147.45, 145.00, 144.70, 141.24, 137.67, 135.49, 129.15, 127.58, 127.34, 127.24, 127.15, 126.08, 123.87, 123.45, 123.14,
122.56, 122.23, 121.18, 120.59, 119.49, 119.20, 64.70, 55.21, 53.38, 40.22, 31.47, 30.89, 29.58, 24.83, 23.78, 22.52, 14.00;
HRMS (ASAP"), calcd for Cs,Hs3N3O,: 751.4138, found: 751.4161.

4-(5-(4-(7-(Diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl)phenyl)-1,3,4-oxadiazol-2-yl)benzaldehyde (K)

To a solution of 4 (0.15 g, 0.20 mmol) in dichloromethane (5 mL) pyridinium chlorochromate (51 mg, 0.24 mmol) in
dichloromethane (5 mL) was added dropwise. The resulting mixture was stirred at room temperature for 1 h. After this time the
reaction mixture was filtered through a Celite plug. The product was then purified by column chromatography on silica gel using 1
: 1 (v/v) petroleum ether : diethyl ether as eluent to yield K as a yellow solid (89 mg, 60%). Mp: 148.3 — 149.9 °C. *H NMR (500
MHz, CDCly): & 10.08 (s, 1H), 8.31 (d, J = 8.0 Hz, 2H), 8.20 (d, J = 8.5 Hz, 2H), 8.03 (d, J = 8.5 Hz, 2H), 7.80 (d, J = 8.5 Hz,
2H), 7.66 (d, J = 8.0 Hz, 1H), 7.60 — 7.51 (m, 3H), 7.26 — 7.18 (m, 4H), 7.12 — 7.05 (m, 5H), 7.04 — 6.94 (m, 3H), 1.97 — 1.76 (m,
4H), 1.15 — 0.96 (m, 12H), 0.75 (t, J = 7.0 Hz, 6H), 0.72 — 0.62 (m, 4H); *C NMR (126 MHz, CDCls): & 191.46, 165.53, 163.81,
152.72, 151.85, 148.16, 147.77, 145.66, 141.63, 138.42, 137.77, 135.68, 130.51, 129.43, 129.23, 127.93, 127.77, 127.70, 126.38,
124.16, 123.70, 122.86, 122.07, 121.44, 120.89, 119.79, 119.42, 55.48, 40.49, 31.74, 29.85, 24.05, 22.79, 14.28; HRMS (ASAP™),
calc for Cs,Hs;N3O,: 749.3981, Found: 749.3961.

2-Cyano-3-(4-(5-(4-(7-(diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl)phenyl)-1,3,4-oxadiazol-2-yl)phenyl)acrylic acid (2)
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To a solution of K (46 mg, 0.061 mmol) and ammonium acetate (1 mg, 0.012 mmol) in acetic acid (2 mL) was added cyanoacetic
acid (15 mg, 0.18 mmol). This stirred mixture was heated to reflux for 15 h after which time it was cooled, poured onto water and
filtered. The solid was dissolved in dichloromethane and washed with water. The solvent was removed from the combined organic
extracts and the crude product was purified by column chromatography using initially dichloromethane, then
dichloromethane:methanol (4:1 v/v) as eluent to yield 2 as a yellow solid (25 mg, 50%). Mp: 119.3 — 120.0 °C. *H NMR (400
MHz, CD;0D/CS,): 4 8.27 (m, 4H), 8.20 — 8.12 (m, 3H), 7.96 — 7.87 (m, 2H), 7.74 (d, J = 8.5 Hz, 1H), 7.70 — 7.59 (m, 3H), 7.31
—7.19 (m, 4H), 7.16 — 7.07 (m, 5H), 7.03 (m, 3H), 2.12 — 1.85 (m, 4H), 1.25 — 1.00 (m, 12H), 0.87 — 0.78 (m, 6H), 0.73 (s, 4H);
13C NMR (126 MHz, CDCls): & 177.62, 152.67, 151.68, 150.91, 148.14, 147.60, 141.31, 135.68, 129.37, 127.55, 126.38, 124.11,
122.78, 120.87, 119.77, 119.40, 55.42, 40.40, 31.63, 29.93, 29.75, 24.03, 22.68, 14.22; HRMS (ES™), calc for CssHs,N,O3:
816.4039, Found: 816.4042; IR (THF solution) cm™; 3372 (O-H), 3502 (O-H), 2217 (C=N), 1641 (C=0), 1596 (C=N).

(4-(5-(4-(7'-(di-p-tolylamino)-9,9,9',9'-tetrahexyl-9H,9'H-[2,2'-bifluoren]-7-yl)phenyl)-1,3,4-oxadiazol-2-yl)benzaldehyde
(L)

I55000u0

CeH13CeH13

Following literature precedents, compound L was obtained as a yellow solid in 68% yield. Mp: 150.2 — 151.8 °C. *H NMR (500
MHz, CDCl,): & 10.04 (s, 1H), 8.22 (dd, J = 26.3, 8.2 Hz, 5H), 8.08 — 7.93 (m, 4H), 7.70 — 7.61 (m, 2H), 7.60 — 7.50 (m, 7H), 7.43
(m, 2H), 7.00 — 6.86 (m, 8H), 2.22 — 1.90 (m, 14H), 1.10 — 0.56 (m, 44H); *C NMR (126 MHz, CDClI;): & 191.26, 157.91, 156.73,
155.80, 155.72, 154.33, 151.99, 150.82, 149.55, 148.43, 148.40, 145.00, 144.02, 143.61, 142.30, 142.01, 141.10, 141.04, 141.00,
138.70, 137.55, 134.90, 134.13, 132.75, 131.94, 130.89, 130.39, 129.44, 129.21, 127.67, 126.55, 125.22, 125.19, 124.50, 124.20,
124.10, 123.66, 122.32, 122.01, 121.20, 60.00, 59.23, 44.21, 43.10, 42.01, 35.01, 34.88, 32.88, 32.51, 28.01, 25.90, 24.99, 23.54,
16.11; HRMS (ASAP™), calc for C;gHg/N3O,: 1109.6798, Found: 1109.6796.

2-Cyano-3-(4-(5-(4-(7'-(di-p-tolylamino)-9,9,9',9'-tetrahexyl-9H,9'H-[2,2"-bifluoren]-7-yl)phenyl)-1,3,4-oxadiazol-2-
yl)phenyl)acrylic acid (3)

To a solution of the aldehyde precursor L (50 mg, 0.045 mmol) and ammonium acetate (0.7 mg, 0.01 mmol) in acetic acid (2 mL)
was added cyanoacetic acid (11.5 mg, 0.135 mmol). The mixture was refluxed under argon for 15 h then poured onto water and
filtered. The crude solid was dissolved in dichloromethane (20 mL) and washed with water (2x50 mL). The solvent was removed
from the combined organic extracts and the crude product was purified by column chromatography using first dichloromethane
then dichloromethane/methanol (4:1 v/v) mixture as eluent to yield 3 as a yellow solid (38 mg, 71%). Mp: 108.2 — 109.8 °C. 'H
NMR (600 MHz, CDCI;/CD;0D): § 8.19 (dd, J = 26.3, 8.2 Hz, 5H), 8.08 (s, 2H), 7.81 (d, J = 8.2 Hz, 2H), 7.78 — 7.71 (m, 2H),
7.65 — 7.54 (m, 7H), 7.49 (dd, J = 8.8, 4.8 Hz, 2H), 7.06 — 6.92 (m, 9H), 2.12 — 1.75 (m, 14H), 1.15 — 0.57 (m, 44H). *C NMR
(101 MHz, CDCI3/CD30D): & 168.15, 166.72, 156.93, 155.33, 154.88, 154.72, 154.27, 151.64, 150.52, 149.31, 148.54, 148.48,
144.22, 143.96, 143.35, 142.32, 141.12, 141.02, 140.98, 138.22, 138.18, 137.98, 134.94, 134.01, 132.65, 130.74, 130.44, 130.30,
129.11, 129.03, 126.93, 126.68, 125.34, 125.13, 124.53, 124.33, 124.25, 124.10, 123.09, 122.09, 122.07, 121.23, 58.30, 58.00,
43.22, 43.11, 41.87, 34.38, 34.31, 32.49, 32.48, 26.68, 25.40, 25.39, 23.55, 16.84, 16.77. MS (MALDI-TOF) m/z (%): 1176.6.0
(IM-H]*, 100); HRMS ASAP", calc for [M-CO,H] Cg;Hg7N,O: 1131.6880, Found: 1131.6842; IR (THF solution) cm™; 3370 (O-
H), 3500 (O-H), 2217 (C=N), 1639 (C=0), 1590 (C=N).
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