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ABSTRACT. The photophysics and solar cells efficiency of organic sensitizers comprising
a cyanoacrylic acid group are greatly influenced by an equilibrium between the neutral
(’non-deprotonated”, COOH) and anionic (“deprotonated”, COO") forms, whose ratio
depends on the solvent polarity and its H-bonding properties, dye concentration and
temperature used. Herein, we report a detailed investigation on the relationship between the
portions of COOH and COO™ dye forms and the photophysical and solar cell properties of an
organic dipolar sensitizer, BTZA-II, bearing triphenylamine electron-donating and
benzothiazole electron-withdrawing moieties. The photophysics has been studied by
stationary and time-resolved fluorescence spectroscopy in apolar and polar solvents with a
dye concentration ranging from 5x107 M to 5x10” M, also upon addition of small amounts
of an external acid or base in order to change the solvent acidity, allowing us to distinguish
the contribution and lifetime of the neutral and anionic form. The fluorescence of BTZA-II
in apolar toluene originates from the neutral form, which has a lifetime of 1.9 ns. Addition
of a strong base (1,8-diazabicyclo[5.4.0Jundec-7-ene, DBU) shifts the equilibrium towards
the less fluorescent anionic COO™ form with a lifetime of 1.1 ns. The situation is different in
the polar acetonitrile, where the fluorescence of the anionic form dominates (with a lifetime
of 2.0 ns). Adding small amounts of acetic acid (AcOH) protonates the COO™ form of the
BTZA-II dye and reveals significant quenching of the fluorescence because of the increased
contribution of the neutral species with a lifetime of 0.4-0.5 ns. This quenching of the
neutral species in acetonitrile has been also observed in concentrated solutions and is due to
excited state proton transfer. By contrast, the photophysics of a dye Btz-NPh2, similar to
BTZA-II but without the cyanoacrylic acid group, is not affected upon adding acetic acid
(H-donor) or DBU base (H-acceptor), that rules out the Brensted-base role of the
benzothiazole scaffold in the aforementioned observations. Finally, dye-sensitized solar cells
(DSSCs) with a solid-state electrolyte were prepared from toluene and toluene+acid
solutions. A significant increase of the solar cell efficiency, n, by 58% (n reaching a value
of 4.9%) has been achieved after addition of a small, appropriate amount of acetic acid into

the initial BTZA-II dye solution.



INTRODUCTION

Organic dyes used as sensitizers in Dye Sensitized Solar Cells (DSSCs) have gained tremendous
scientific attention since they exhibit low production costs, high molar extinction coefficients
and a large variety of structural modifications, which allow a specific tailoring of their properties
at the molecular level to meet all the application requirements.'"!® Typically, organic sensitizers
consist of an electron donating group, a m-conjugated bridge and an electron accepting unit.'->3
In addition, an anchoring group (usually comprising a carboxylic acid moiety, COOH) is
introduced, that allows the chemical adsorption of the dye on the metal-oxide semiconductor.
The most important process after light harvesting by the dye molecules is charge separation and
electron injection from the dyes' lowest unoccupied molecular orbital (LUMO) to the oxide
semiconductor's conduction band. This is strengthened by an initial intramolecular charge
transfer within the dye molecule in which the LUMO should be located close to the anchoring
group. Electron injection typically occurs on the sub-ps timescale, but it competes kinetically
with other decay mechanisms taking place on the same timescale, such as aggregation-induced
quenching, internal conversion and isomerization.*>*** In this regard, a detailed study of the
excited state dynamics in dye sensitizers is of great importance towards optimizing the
photoconversion efficiency and design strategies for novel compounds with improved
photovoltaic performance.

Typically, the photophysics of dye sensitizers, including excited state dynamics, is
investigated in solutions and/or nanocrystalline semiconductor nanoparticles, such as TiO2 and
Zn0.*>* It is noted however, that the charge-transfer photophysics is affected, among others, by
the deprotonation of the carboxylic group of the dyes. This acid-base equilibrium exists in
solution and should be also considered when adsorbing dye onto the metal-oxide substrate.
Shifting the equilibrium towards either side depends on the concentration of the solute as well as
on the acidity or bacidity of the solvent. According to the Ostwald's law for weak acids, the
neutral COOH form is dominant at high concentrations, while the equilibrium is shifted towards
the anionic COO™ form at lower concentrations. Therefore, a thorough understanding of the
photophysics of organic sensitizers may be more complicated than initially thought, but also it is
of high importance since the equilibrium between neutral and anionic species influences the solar
cell performance as well.**>7 Ozawa et al. reported that the efficiency of the DSSCs based on the
black dye (N749) becomes higher for solvents with a dielectric constant of about 20.3* Tian et al.
have shown that dichloromethane, used as a solvent of the dye bath for an organic dipolar
sensitizer, shifts the equilibrium towards the neutral form and increases the solar cell efficiency

compared to DSSCs obtained from tetrahydrofuran, acetonitrile or ethanol dye-baths.*

3



In a previous work of ours, the photophysics of three organic sensitizers bearing
triphenylamine electron-donating group and benzothiazole acceptor has been studied by means
of a variety of time resolved spectroscopies.’* It was reported that these dyes exhibit ultrafast
electron injection towards TiO2, but the electron injection is operative also towards Al>O3, which
is often used as a reference electrode. Here, we extend our previous work by investigating the
photophysics of one of the benzothiazole-derived sensitizers (BTZA-II) in solutions of varying
acidity and also by studying its solar cell performance resulting in a simple yet efficient way for
improving the efficiency. The photophysics has been studied by stationary and time resolved
spectroscopies in solutions of different concentrations as well as in mixtures of given solvents
with acetic acid (AcOH) and the strong base, DBU (1,8-diazabicyclo-[5.4.0Jundec-7-ene) in
order to shed more light on the origin of fluorescence and the equilibrium between the neutral
and anionic form. AcOH is added to the solutions in order to recover the neutral dye molecules
(COOH form), while DBU was added to deprotonate a cyanoacrylic carboxylic group. For
comparison, we also studied the photophysics of an organic sensitizer Btz-NPh2 resembling the
D-n-A framework of BTZA-II, but without the cyanoacrylic acid group. Finally, the effect of
adding small amounts of AcOH to the initial dye bath on the solar cell performance was also
investigated, showing a exceptional 58 % increase of the photoelectric conversion efficiency (#

reaching a value 0f 4.9 %).

EXPERIMENTAL

Dye sensitizer and materials used for the fabrication of the DSSCs

The chemical structure and abbreviation of the organic sensitizers studied in this work are shown
in Chart 1. BTZA-II was chosen for this study because a) it has similar structure with other well

studied organic sensitizers bearing the triphenylamine electron donor**#>-5

and b) its lifetime is
in the range of 100 ps - 1 ns in both of the solvents used herein, i.e. toluene and acetonitrile, and
therefore it is detectable with the Time Correlated Single Photon Counting (TCSPC) method.
BTZA-II was synthesized according to the procedure described in our previous work,** while
Btz-NPh2 was prepared similarly by a Knoevenagel-type condensation between commercially

available 2-metylbenzothiazole and 4-(N,N-diphenylamino)benzaldehyde.
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Chart 1. Structures of the benzothiazole-derived sensitizers studied in this work

Synthesis of 2-{2-[4-(N,N-diphenylamino)phenyl]vinyl}benzothiazole (Btz-NPh2): To a
solution of 2-methylbenzothiazole (0.50 g, 3.35 mmol) in MeOH (6 mL) was added 4-(N,N-
diphenylamino)benzaldehyde (0.92 g, 3.35 mmol) and solid NaOH (0.2 g, 5 mmol) as a base
catalyst. The reaction mixture was stirred and heated to reflux. After refluxing for 12 h, 2 mL of
MeOH was evaporated and the resulting solid was collected by filtration, washed and dried. The
crude product was purified by column chromatography on silica gel (eluent: hexanes/etyl acetate
= 4:1) to give Btz-NPh2 (1.28 g, 95%) as a yellow solid; mp 154-156°C. 'H NMR (300 MHz,
CDCls, in ppm vs. TMS): 6 = 7.96 (dd, 1H, J = 8.1 Hz, 0.6 Hz, H-7), 7.84 (dd, 1H, J = 8.1, 0.6
Hz, H-4), 7.48-7.42 (m, 1H, H-5), 7.43 (d, 2H, J = 8.7 Hz, H-2’,H-6"), 7.37-7.31 (m, 1H, H-6),
7.29 (d, 1H, J = 15.3 Hz, H-B), 7.32-7.24 (m, 4H, H-Ar), 7.14 (d, 2H, J = 8.7 Hz, H-3’, H-5"),
7.15-7.03 (m, 6H, H-Ar), 7.06 (d, 1H, J = 15.3 Hz, H-a). >*C NMR (75 MHz, CDCls, in ppm vs.
TMS): 6 = 167.51, 153.91, 149.08, 147.04, 137.31, 134 20, 129.35, 128.65, 128.41, 126.23,
125.07, 124.95, 123.76, 122.67, 122.23, 121.42, 119.77.

0,0’-Bis(2-aminopropyl)  polypropylene  glycol-block-polyethylene  glycol-block-
polypropylene glycol (Jeffamine® ED-600, M;~600) and 3-isocyanatopropyltriethoxysilane
(ICS; molar ratio ICS/diamine=2) were used for the synthesis of hybrid organic/inorganic

material ED600-ICS necessary for quasi-solid state electrolyte. Commercial titanium(IV)



butoxide (Ti(OtBu)4, 97%, Aldrich), Pluronic P123 (5.800 g/mol, Aldrich), glacial acetic acid
(AcOH, 99-100%, Aldrich) were used to prepare TiO2 precursor sols. Finally, all solvents were
purchased from Sigma-Aldrich and used as received. SnOz:F transparent conductive electrodes

(FTO, TECTM A8) 8 Ohm/square were purchased from Pilkington NSG Group.

Stationary spectroscopy
The UV-Vis absorption spectra were recorded by a Jasco V-650 UV-Vis spectrophotometer. The

photoluminescence spectra were detected by a Fluoromax-4 spectrometer (Horiba).

Time resolved spectroscopy

The time resolved fluorescence measurements were performed with a TCSPC Fluorescence
Lifetime Spectrometer (FluoTime 200, Picoquant) equipped with a Hamamatsu R3809U-5X
series microchannel-plate photomultiplier.’® The samples were excited by a LDH Series
picosecond pulsed diode laser, with -excitation wavelength at 470 nm and energy per pulse of
0.05 — 0.15 nJ (Picoquant). The Instrument's Response Function (IRF) of the system was ~ 80 ps.
Fluorescence dynamics were detected under magic angle conditions and the best fitting was
determined by inspection of the residuals and through the y? factor which should be smaller than
1.1. In all cases, single or bi-exponential dynamics were found to accurately reproduce the
experimental decays. TCSPC method is a valuable tool for this study because it is highly

sensitive and suitable for studying very dilute solutions.

Fabrication of the quasi-solid state dye-sensitized solar cells

Initially, the conductive glasses were cleaned with alkaline detergent, deionized water and
acetone. For the preparation of the TiO> solution through the sol-gel technique, 0.49 g P-123
were diluted in 4 mL of n-propanol, followed by the addition of 0.4 mL glacial acetic acid and
0.37 mL of titanium(IV) butoxide under continuous stirring. For the formation of the working
electrodes, this solution was spin coated on the FTO glasses at 1200 rpm for 10 s and
consequently the films were annealed at 500°C for 10 min. These two steps were repeated
several times until ~3 micrometer TiO> films were obtained. The dye sensitizer was diluted in
toluene to a concentration of 0.5 mM. For the sensitization process, the photoanodes were
immersed in the dye solution (5 mL) for 30 minutes and then they were rinsed with the same
solvent and dried to remove any solvent residues from the pores of the films. The platinum

counter electrodes were formed through thermal decomposition of HoPtCls solution (5 mg
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H>PtCls/1 ml of n-propanol). Briefly, a few drops of the platinum solution were casted on top of
the conductive glasses which were then annealed at 500°C for 10 min.

The procedure for the synthesis of the hybrid organic-inorganic material used for the
jellification process of the electrolyte and the completed electrolyte solution are described
elsewhere.” For the fabrication of the quasi-solid state dye-sensitized solar cells, a couple of
drops of the electrolyte solution are placed onto the sensitized working electrode and the
platinized counter electrode is placed by hand over the photoanode in a sandwich structure. The
two electrodes are stuck together through -Si-O-Si- bonds developed by the presence of the

hybrid organic-inorganic material of the electrolyte solution.

Characterization methods for the quasi-solid state DSSCs

For the electrical characterization, the DSSCs were illuminated with Xe light using a Solar Light
Co. solar simulator (model 16S-300). Light intensity was kept constant at 100 mWcm™? measured
with Newport power meter (Model 843-R). The current density-voltage (J-}) characteristic
curves were recorded by connecting the devices to a Keithley Source Meter (model 2601A)
controlled by Keithley computer software (LabTracer). The DSSCs' active area was restricted to
0.18 cm? by using an appropriate mask. In order to avoid any misleading results, each DSSC
device was prepared in triplicate and tested under the same conditions. The electrical parameters
determined by the J-V plots were the short-circuit current density (Jsc), the open circuit voltage
(Voc), the fill factor (FF) and the overall cell conversion efficiency (#%). Electrochemical
impedance spectroscopy measurements (EIS) were performed by using Metrohm Autolab 3.v
potentiostat galvanostat (Model PGSTAT 128N) under light conditions. The cells were
illuminated using the same Xe light source that was used for the J-V curves, without the use of a
mask. The frequency range which was applied was 100 kHz-0.01 Hz using a perturbation of 10
mV over the open circuit potential. The obtained experimental data were fitted using Nova 1.10

software.

Computational details

The structure of BTZA-II was optimized by using density functional theory (DFT) at the
B3LYP/TZVP level in the Gaussian 09.°° Vertical excitation energies and adiabatic dipole
moment change (Apo1) between the ground state and the first excited state were computed at the
time-dependent DFT level, employing the modified CAM-B3LYP functional®! with the
following parameters: o = 0.19, B = 0.33, y = 0.33, and the TZVP basis set for all atoms. Bulk

solvent effects were simulated using the integral equation formalism of the polarizable
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continuum model (IEF-PCM).%> A number of conformational isomers were examined, and the
computed excitation energies were Boltzmann-averaged (at 298 K). The Onsager cavity radius ag
was evaluated by a gas-phase calculation of molecular volume. This was realized employing
Monte-Carlo integration, as implemented in the Gaussian 09 program package, by specifying the

keyword volume=tight.

RESULTS AND DISCUSSION
Stationary absorption and fluorescence spectra
The absorption and fluorescence spectra of BTZA-II were studied in apolar toluene (€=2.38)
and highly polar acetonitrile (¢=37.5). Apart from the bulk solvent polarity, the acidity of the
two solvents should be also considered, as this affects the COO/COOH dye equilibrium and thus
also the photophysical properties. The Kamlet-Taft parameters for toluene (a=0 and =0.11)
points to its very weak H-acceptor ability, while acetonitrile (a=0.19 and =0.4) is considered as
much stronger base (H-acceptor) and a very weak H-donor.%

Initially, the solute concentration was varied by two orders of magnitude (5x107 M to 5x107
M) to determine the effect of the acid-base COOH/COQO" equilibrium on the spectra. In toluene,
the absorption spectra exhibit a peak at 440 nm for the lowest concentration (5x10”7 M) and show
a red-shift of 9 nm upon increasing the concentration (Figure 1a). In Table 1, the photophysical
parameters for the concentration of 5x10® M are summarized. As reported previously, the
anionic (deprotonated) form absorbs at shorter wavelengths than the neutral one.>* Therefore, the
spectrum at the lowest concentration is dominated by the absorption of the anionic form, while

the red-shift is due to the increased portion of neutral dye molecules.
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Figure 1. Absorption (a) , (b) and fluorescence (c) , (d) spectra of BTZA-II in toluene and

acetonitrile solutions with different concentrations. The arrows indicate the changes of the
spectra upon increasing the concentration.

Table 1. Photophysical parameters of BTZA-II solutions with a dye concentration of 5x10M.?

Sample Aabs (NM)  Afor (NM)
BTZA-11/Toluene 441 552
BTZA-11/Toluene + 5 uL DBU 428 517
BTZA-1I/Toluene + 5 uL AcOH 468 586
BTZA-II/Acetonitrile 442 598
BTZA-II/Acetonitrile + 5 pL DBU 421 598
BTZA-II/Acetonitrile + 5 uL AcOH 445 610

@ The volume of the initial toluene solutions was 3 ml.

The fluorescence spectra in toluene show a very similar behavior. Specifically, the
fluorescence exhibits a peak at 551 nm for ¢=5x10"M, while a 10 nm red-shift (without any
change in the width of the spectra) is observed upon increasing the dye concentration to 5x10°M

(Figure 1c). A different behavior is observed in acetonitrile. The absorption spectrum shows a



peak at 442 nm and does not change upon increasing the concentration (Figure 1b). This
coincides with the much stronger H-acceptor ability of acetonitrile as compared to toluene that
shifts the equilibrium towards the anionic form even at higher concentrations. Moreover, the
fluorescence spectra, exhibit a red-shift, especially for the highest concentration used, but in
contrast to toluene, this is accompanied by a change in the spectral profile (Figure 1d). This
change is mostly attributed to a decrease of the fluorescence intensity at shorter wavelengths
(where the anionic form emits), leading to a narrowed spectrum. These findings indicate that
although the anionic population in acetonitrile is not changed upon increasing the concentration,
the fluorescence becomes less intense. This quenching is in agreement with the time resolved
fluorescence results (vide infra).

The aforementioned different behavior observed in the two solvents was further investigated
by means of the excitation spectra (c=5x10M) (Figure 2). In toluene, the low-energy peaks of
the excitation and absorption spectra coincide. The absorption is due to both neutral molecules
and anions of the dye. According to the excitation spectrum, both these species contribute to the
emission. However, the contribution from the low-energy neutral form is higher as revealed by
the slight red-shift of the excitation spectrum. On the other hand, the excitation spectrum in
acetonitrile is significantly shifted towards shorter wavelengths (by ~20 nm) as compared to the
absorption spectrum, and it is also narrower. This clearly indicates that although both species
absorb, the fluorescence stems from the higher energy one, which corresponds to the anion,
while the neutral form in acetonitrile is non- or weakly fluorescent. This explains the observed
behavior of the fluorescence spectrum upon increasing the concentration. At higher
concentrations, the amount of anionic form is reduced and the intensity of the high energy part of
the spectrum decreases leading to the apparent red-shift (Figure 1d). This is further investigated
by adding DBU base to the solutions.
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Figure 2. Fluorescence excitation spectra of BTZA-II solutions with concentration 5x10M in
(a) toluene and (b) acetonitrile. The absorption spectra are shown for comparison.

In order to increase the portion of anions in the solutions, without the need of decreasing the
concentration, a small amount of DBU was added. The addition of DBU leads to a hypsochromic
shift of the absorption spectrum due to the shift of the equilibrium towards the anionic
(deprotonated) form. The spectra for 5x10°M solutions with and without DBU are shown in
Figures 3a and 3b. The changes in the absorption spectra upon addition of DBU are qualitatively
similar in both solvents (Table 1). A similar hypsochromic shift takes place even for the more
concentrated initial solutions (5x10°M) in toluene (Figure S1), where the equilibrium is initially
shifted towards the neutral form. However, the excitation and fluorescence spectra after addition
of DBU display a different behavior in toluene and acetonitrile, revealing the different nature of
the existing species in each solvent. In toluene, both excitation and fluorescence spectra exhibit a
hypsochromic-shift upon addition of DBU, indicative of the generation of anions, which
dominate the emission process (Figures 3c and 3e). In acetonitrile, the excitation and
fluorescence spectra do not change upon addition of DBU (Figures 3d and 3f). This indicates
that even in the initial acetonitrile solution without DBU, the dominant contribution to the
fluorescence originates from the anionic form, while the neutral (COOH) species has a very
small fluorescence quantum yield. Therefore, the addition of DBU does not cause any change in

the spectra.
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Figure 3. Absorption (a), (b), fluorescence excitation (c), (d) and fluorescence (e), (f) spectra of
BTZA-II in toluene and acetonitrile with concentration 5x10°°M without and with various
amounts of DBU (the volume of a dye-solution was 3 mL) . The arrows show the change of the
spectra upon adding DBU.

Figures S2a and S2b show the dependence of the excitation spectra on the detection
wavelength in toluene solutions without and with DBU. In the former case, the excitation spectra
display a red-shift upon increasing the detection wavelength indicative of an inhomogeneous
broadening and the existence of different species responsible for the emission, which are the
neutral and anionic form (Figure S2a). However, when DBU is added, the excitation spectra do
not display such a shift (Figure S2b). This is ascribed to the existence of a single emitting species
in the DBU solutions, corresponding to the anionic form.

For a further investigation of the effect of the portions of COOH and COO™ dye forms on the
photophysical properties, the absorption and emission spectra of BTZA-II with and without
DBU were detected also in various organic solvents with different polarity. The results of this
study are presented in Table S1 and Figure S3. Hence, plotting Stokes shifts v4 — v vs. the
solvent orientation polarizability Af allowed us to determine the difference between the dipole
moment of the excited and ground state Ay = ug — g through the Lippert-Mataga equation®*
66.

RY:
V4 — Vg = %L\f + constant (1)

0

Note that while this plot for BTZA-II in the presence of DBU (dissociated form of the

sensitizer) clearly shows a linear dependence of the Stokes shifts on the solvent polarizability
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with a slope of 8644 cm™ (R?=0.830), data points in the Lippert-Mataga plot (LMP) for BTZA-
II without DBU are considerably spread around the regression line (R?=0.505). The latter can be
understood as there is a different ratio between dissociated and non-dissociated form of the dye
(anion and neutral), depending on the nature of solvent. Using a cavity radius, ao, of 6.29 A for
the anion of BTZA-II (estimated from the molecular volume calculated by Monte-Carlo
integration of the electronic density) the LMP gives the dipole moment change, Ay, of 15.6 D.
This is in reasonable agreement with the value of 13.2 D obtained by our quantum-chemical
calculations at the mCAM-B3LYP/TZVP level using a PCM solvation model.

In order to investigate the photophysical properties of BTZA-II in its neutral “non-
deprotonated” form, small amounts of AcOH were added to toluene and acetonitrile solutions.
The absorption spectrum in toluene exhibits a red-shift even for the smallest amount of acetic
acid (1 pL) meaning that the equilibrium shifts towards the neutral form (Figure 4a). The same
conclusions are also drawn by inspecting the excitation and fluorescence spectra in toluene and

toluene+AcOH where a red-shift is also exhibited (Figures 4 c, e).
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Figure 4. Absorption (a), (b), excitation (c), (d) and fluorescence spectra (e), (f) of BTZA-II in
toluene and acetonitrile before and after addition of various amounts of AcOH (the volume of a
dye-solution was 3 mL). The small arrows indicate the change of the spectra upon increasing the
volume of acetic acid in the solutions.

On the other hand, in acetonitrile, no significant spectral shifts in absorption, excitation and
fluorescence spectra are observed as shown in Figures 4 b, d and f. However, we note a
significant drop in the fluorescence intensity upon adding AcOH, which is not obvious in the

normalized spectra (see Figure S4). This is primarily ascribed to the generation of weakly
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fluorescent neutral species at the expense of the fluorescent anions. This is in agreement with the
excited state dynamics which exhibit a significant decrease of the lifetime when AcOH is added
(vide infra). Similar behavior was reported for the well-known dye sensitizer D149 and indicates
that the dye's fluorescence is quenched by acid via proton transfer.*°

The excitation spectra of BTZA-II in toluene solutions with AcOH provide another
indication that a single species exist in this solvent. Particularly, the spectra upon adding AcOH
exhibit only a very small shift with varying the detection wavelength. This means that the
equilibrium is shifted almost quantitatively towards the neutral form (Figure S2c).

In order to unambiguously determine that the spectral changes are solely related to the COO
/COOH equilibrium and the benzothiazole nitrogen as a potential Brensted-base center is not
responsible for the observations mentioned above, similar experiments were performed also for
the Btz-NPh2 analogue. The results are presented in Figure S5. Hence, it is clear that spectral
changes upon addition of AcOH are minimal (< 1 nm), meaning that the protonation of the
nitrogen atom of the benzothiazole scaffold upon treatment with AcOH is negligible. This
coincides with the weak acidic nature of acetic acid (pKa = 4.76), which is not strong enough to
protonate the azole nitrogen in the quantities used. Keeping with expectations, no spectral

changes were observed upon addition of DBU, since Btz-NPh2 contains no protic group.

Fluorescence dynamics

According to the results of stationary spectroscopy, the fluorescence spectra upon increasing the
concentration exhibit a red-shift in both solvents, while in acetonitrile, a decrease of the intensity
was also observed. The ns fluorescence dynamics of BTZA-II solutions with different
concentrations are shown in Figure 5. These were analyzed by a global fitting procedure by
means of a bi-exponential function in order to determine the lifetime of the anionic and neutral
forms and to examine the dependence of their pre-exponential factors on the concentration
(Table 2). The dynamics in toluene become slower upon increasing the concentration, while in
acetonitrile they are accelerated. This is a clear indication of the different photophysics of the
anion and neutral form in these solvents. In toluene, two components are observed with time
constants of 1.1 and 1.9 ns. The pre-exponential factor of the 1.1 ns component decreases with
concentration and is attributed to the anion lifetime in toluene, while the 1.9 ns component,
whose amplitude increases, is attributed to the lifetime of the neutral form. On the other hand, in
acetonitrile the two components have lifetimes of 0.5 and 2.0 ns, respectively. The longer

component is very close to that found in toluene, however its amplitude decreases with
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concentration and is considered as the lifetime of the anion. The neutral form has a lifetime of
0.5 ns and its fluorescence is greatly quenched in acetonitrile.

Another way for determining the contribution of the anionic and neutral form is by detecting
the dynamics at various emission wavelengths. It is expected that the anionic and neutral forms
contribute to the fluorescence at short and long wavelengths, respectively. Indeed, as observed in
Figure 6, the dynamics for a concentration of 5x10® M, become slower/faster at longer

wavelengths in toluene/acetonitrile due to the increased contribution of the neutral form.

Toluene

Intensity

_ Acetonitrile ——5x10'M
M, —— 5x10°M 10°M
——5x10°M o IRF

0 2 4 6 8 10 12 14
Time (ns)

Figure 5. Fluorescence dynamics of BTZA-II in (a) toluene and (b) acetonitrile for different
concentrations upon detection at the peak of the fluorescence spectra. The arrows show the
change of the fluorescence dynamics upon increasing the concentration.

Table 2. Fitting parameters of the dynamics of BTZA-II in toluene and acetonitrile for different
concentrations obtained after a global analysis.

Sample Adet (nm) Ay T (ns) A 1 (ns)
BTZA-II/ Toluene 5x10"M 550 0.75 1.1 0.25 1.9
1x10°M 550 0.75 0.25
5%10°M 550 0.64 0.36
1x10°M 555 0.48 0.52
5%10°M 565 0.37 0.63

BTZA-II/ Acetonitrile  5x10"M 600 0.09 0.5 0.91 2.0

1x10°M 600 0.09 0.91
5%10°M 600 0.21 0.79
1x10°M 605 0.34 0.66
5%10°M 630 0.68 0.32
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For the dynamics in toluene, a global fitting procedure was performed to analyse the data and the
fitting parameters are summarized in Table S2. This analysis revealed two decay mechanisms
with 1.1 and 1.8 ns lifetimes, which are very similar to those found for the solutions of different
concentrations. The amplitude of the 1.8 ns component increases at longer wavelengths
confirming that this is the lifetime of the neutral form in toluene, while the contribution of the

1.1 ns component is significant at short wavelengths and is ascribed to the emission of the anion.
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Figure 6. Fluorescence dynamics of BTZA-II in (a) toluene and (b) acetonitrile (5x10°M) at
different detection wavelengths. The arrows indicate the change of the decays by increasing the
emission wavelength.

As shown in the SI (Table S3), the same behavior is observed for all the other
concentrations in toluene (i.e. two components of ~ 1 and ~ 1.8 ns are found where the
contribution of the former decrease and that of the latter increase at longer wavelengths). The
dynamics in acetonitrile, could not be properly fitted by a global analysis, because of the greatly
different dynamics at short and long wavelengths. However, it is clear that at longer wavelengths
the dynamics are accelerated.

Before studying the excited state dynamics of BTZA-II upon adding DBU and AcOH, the
effect of these additives on the photodynamics has been examined for the reference compound

Btz-NPh2. As shown in Figure S6, the dynamics of Btz-NPh2 in toluene (5x10°M) are not
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affected by addition of acid/base, proving that the protonation of the N atom of benzothiazole is
negligible. Similar results were also observed for acetonitrile solution.

Similar conclusions as those obtained by stationary spectroscopy emerge for BTZA-II by
investigating the TCSPC measurements upon addition of DBU, as can be seen in Figure 7 for a
concentration of 5x10°M (the fitting parameters are collected in Table S4). In toluene, the
decays become faster when DBU is added, indicating that the emission stems from the anions
having a shorter lifetime than the neutral “non-deprotonated” form. In more details, a global
analysis of the dynamics in toluene+DBU solutions, revealed that the long component of ~ 1.8 ns
due to the neutral form is completely absent. Besides, the dynamics of the anionic form in
toluene+DBU could not be fitted with a single-exponential function. Thus, a bi-exponential one
was used, revealing 0.9 and 0.5 ns components. The former is close to the 1.1 ns lifetime of the
anion in neat toluene solution although slightly smaller. The nature of the latter and faster
component (0.5 ns) needs further investigation. On the other hand, the lifetimes in acetonitrile
and acetonitrile+tDBU are virtually identical, as shown in Figure 7b (the ~ 2 ns component is
attributed to the lifetime of the anionic form in acetonitrile, Table 2). This is consistent with the
findings from stationary spectra, which also showed negligible changes upon adding DBU,

confirming the dominance of anionic species in acetonitrile solutions.

1 Toluene
——0opLDBU
——2uLDBU
2 0.1 4uL DBU
% 6uL DBU
o s IRF
€001 (a)
1E-3 . ! ' ARSI AR 'Ah,li gt
1 .
™ Acetonitrile
2 01
3 | - OuL DBU' ®)
0013 8§ —oupBU T
: 4uL DBU YRR oy |
| 6uL DBU k) :
E338 | . RF Ly
I ! I ! I ! I ! I ! I ! I ! I
0 2 4 6 8 10 12 14
Time (ns)

Figure 7. Fluorescence decays of BTZA-II in 5x10°M (a) toluene and (b) acetonitrile solutions
before and after addition of various amounts of DBU. The arrow in (a) indicates the change of
the dynamics upon adding DBU.
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In order to test the influence of a base additive in concentrated acetonitrile solutions, 6 pL of
DBU were added to a 5x10°M solution of BTZA-II. At this high concentration, the
fluorescence of BTZA-II in neat acetonitrile solution is quenched because of the effect of
protons as discussed previously (Figure 5b), showing that the neutral form in acetonitrile is
weakly fluorescent. Upon addition of DBU, the BTZA-II molecules are deprotonated
quantitatively even at this high concentration and the fluorescence intensity as well as the
lifetime increase (Figure S7).

Further, the dependence of the dynamics in toluene and acetonitrile solutions with DBU on
emission wavelength was investigated so that the contribution of neutral species was determined.
The results are shown in Figure 8, indicating clearly that the dynamics and lifetime are
independent on the wavelength used (i.e. the contribution of neutral “non-deprotonated” species

is completely absent even at longer wavelengths).

14 ¢ Toluene + 6pL DBU (@)
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Figure 8. Fluorescence decays of BTZA-II in 5x10°M (a) toluene and (b) acetonitrile solutions
with 6 uL of DBU at different detection wavelengths.

As mentioned above, the addition of a small amount of AcOH recovers the protonated
COOH form of BTZA-II molecules. The steady state results in toluene upon addition of acid
showed that protonation leads to a red-shift of the spectra (Figure 4¢). A similar behavior was

exhibited by increasing the concentration (Figure 1c¢). The dynamics upon protonation due to
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increased concentration showed a decrease of the contribution of the anionic form (Figure 5a and
Table 2). This behavior is more pronounced upon adding very small amounts of acid.
Specifically, as shown in Figure 9a and Table S5, the contribution of the anion with 1.1 ns is
totally absent when acid is added and the fluorescence decay is single exponential due to

emission by the neutral species with lifetime of ~ 1.9 ns.

14 Toluene
' —— OuL AcOH
" —— 1uL AcOH
%‘ 014§ h 3uL AcOH
L : My, 5uL. AcOH
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=001 (b)
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0 2 4 6 8 10 12 14
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Figure 9. Fluorescence decays of BTZA-II detected at the peaks of the fluorescence spectra in
5x10°M (a) toluene and (b) acetonitrile solutions before and after addition of various amounts of
AcOH. The arrows show the change of dynamics upon increasing the amount of acid.

As expected, the behavior in acetonitrile is different. Similarly to the decrease of the
fluorescence intensity upon addition of AcOH to acetonitrile solutions, as discussed before
(Figure S4), the excited state dynamics become highly bi-exponential and exhibit a significant
decrease of the lifetime when AcOH is added (Figure 9b, Table S5). This behavior resembles the
one in concentrated solutions meaning that the fluorescence is quenched by protons. The global
fitting analysis revealed again two components with lifetimes 0.4 and 2.0 ns due to the neutral
and anion species. The contribution of the weakly fluorescent neutral form in acetonitrile

increased with acid leading to the overall decrease of intensity.
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Solar cell performance

In respect to the abovementioned findings, we decided to examine the effect of adding small
amounts of AcOH to the dye solutions on the performance of solar cell devices. Although the
solar cell efficiency was studied in the past by using different solvents in the initial dye bath,>*>’
the effect of external acid added to the dye bath has not been investigated so far to the best of our
knowledge. On the other hand, the influence of AcOH on the properties of the TiO, electrodes
has been addressed.®”%® Here, DSSCs were prepared from initial solutions of BTZA-II in toluene
with and without the presence of AcOH. The AcOH was added in amounts 10 pL, 50 pL and 100
uL to 5 mL of BTZA-II solutions in toluene (with ¢ = 0.5 mM), that corresponds to about 70,
350 and 700 equivalents of AcOH with respect the sensitizer molecules in a dye-bath. The
results are presented in Figure 10a and Table 3. The photoconversion efficiency for cells
prepared from neat toluene solution of BTZA-II was found 3.1 %, while a significant increase
was observed for a mixture 5 mL toluene + 10uL of AcOH, where the efficiency reached a value
of 4.9 %. This 58 % increase of the efficiency is of great importance taking into account the
nontoxicity of the additive agent and simplicity of the process used. The significant photoelectric
conversion enhancement can be attributed to increase of both Jsc and V., the former being,
however, more dominant. The small V,. enhancement is most likely due to the decrease in
electron-hole recombination from the conduction band of the TiO; film to I3™ in the electrolyte.
In other words, the increasing density of the dye adsorption onto the TiO> electrode may insulate
the TiO2 surface from the electrolyte, which in turn hinders the electron transfer from the TiO:
surface to the I5” ions.® However, when the amount of AcOH is further increased, the efficiency
drops. The explanation is in line with poor adsorption of the dye on the surface of TiO> when
using a larger excess of AcOH. For an additional verification of the enhanced performance of the
cells prepared from toluene +10 pL acid, J-J measurements have been carried out in dark. They
clearly indicate that the electron leakage in the cell made from toluene in the presence of 10 uL
acid is noticeably smaller (Figure S8). The absorption spectra of the sensitized films prepared
from toluene+AcOH vs. toluene solutions showed an increase of the absorption efficiency
pointing to a better adsorption of the neutral species, existing in toluene+AcOH solutions, on
TiO; (Figure S9). The higher absorption of the sensitized films prepared from toluene+acid is in
agreement with findings of Suresh et al.’”’ They have reported that a TiO, adsorbed
triphenylamine dye with neutral (COOH) anchoring group has higher absorbance than then
anionic (COQO") form, which was attributed on the basis of FTIR spectra to the nature of the
carboxyl binding to the semiconductor surface. Specifically, the anionic form showed a bidentate

binding with the surface of TiO,, whereas the dye with a COOH anchoring group exhibited both
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mono- and bidentate binding modes. In this way, despite the fact of a stronger binding of the
anionic species with the TiO» surface, the “non-deprotonated” (COOH) dye form achieves an
increased loading. In order to examine whether the addition of acid in the initial toluene
solution, had an influence on the excited state dynamics of BTZA-II/TiO: films, we performed
time resolved fluorescence measurements on the films (Figure S10). The dynamics were detected
at 650 nm, which is the peak of the films' fluorescence spectra. Although, the differences are not
extensive, the decay for BTZA-II/TiO; film prepared from toluene+AcOH was faster pointing to
more efficient electron injection dynamics from the dye's LUMO to the conduction band of TiO-.
This conclusion becomes more unambiguous taking into account that the neutral form, whose
concentration is increased with the addition of acid, has a longer fluorescence lifetime. The
above results lead to the conclusion that addition of an appropriate amount of AcOH
(corresponding to about 70 molar equiv of the dye used) to the initial bath, suppresses the
deprotonation of the dye molecules and increases significantly the solar cell efficiency by both
increasing the absorption and the electron injection efficiency.

Ito et al. have reported that AcOH can be adsorbed on the surface of TiO> and prohibits each
TiO, particle from the aggregation.®® In order to test whether the AcOH molecules play a similar
role on dye molecules by prohibiting their aggregation, we prepared DSSCs from toluene

solutions using the well-known co-adsorbent chenodeoxycholic acid (CDCA).
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Figure 10. Current density vs. voltage curves of DSSCs with BTZA-II sensitizer prepared from
toluene solutions with different amounts of (a) AcOH and (b) CDCA co-adsorbent.
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Table 3. Solar cells parameters for DSSCs sensitized with BTZA-II from toluene solutions with
various amounts of AcOH and CDCA co-adsorbent. ¢

Solvent Jsc (mA/cm?) Vo (Volts)  FF 5 (%)
Toluene 6.70 0.66 0.70 3.1
Toluene+10 ul. AcOH 9.75 0.71 0.71 4.9
Toluene+50 ul. AcOH 6.41 0.71 0.71 32
Toluene+100 uL. AcOH 1.02 0.58 0.70 042
Toluene+2 mM CDCA 3.47 0.67 0.70 1.6
Toluene+5 mM CDCA 3.05 0.66 0.70 1.4
Toluene+10 mM CDCA 2.90 0.67 0.70 1.4

@ Variable amounts of AcOH and CDCA were added to 5 mL of the initial toluene solution of BTZA-II with ¢=0.5 mM. CDCA
was added as a solid in such amount, that its concentration in the dye-bath reached a value of 2 mM, 5 mM or 10 mM.

CDCA was routinely used in the past to induce moderate to large increases in the solar cell
efficiency by reducing dye aggregation on the surface of TiO,.”'7” Here, various amounts of
CDCA were added to the dye bath before adsorption on the TiO> surface. The J-V curves are
shown in Figure 10b. In all cases, the solar cell efficiency is significantly reduced compared to
the solar cell prepared by using toluene solutions without CDCA. This is a consequence of the
reduced light absorption by the BTZA-II films when CDCA is co-adsorbed on TiO; (Figure
S11). Overall, it is evident that the significant increase of the solar cell efficiency upon adding
AcOH to the dye solutions cannot be primarily attributed to the co-adsorption of the acid
molecules and the suppression of dye aggregation since that would result in a decrease of
absorption efficiency of the sensitized TiO; films as with CDCA. Instead, it is considered as a
consequence of the protonation of the dye COO" species in the toluene solution indicating that
the neutral molecules are better adsorbed on the TiO» nanoparticles providing enhanced light
absorption, faster electron injection and finally more than 50% increased solar cell efficiency.
Preliminary results have shown that a similar increase of the solar cell efficiency, after addition
of an optimal amount of AcOH, can be achieved by using different solvents in the initial dye
solutions and this simple procedure works also for other dyes comprising a cyanoacrylic acid

group leading to an increase of both Jsc and V. (Figure S12).

Table 4. EIS fitting parameters for DSSCs sensitized with BTZA-II from toluene solutions with
various amounts of AcOH.

DSSCsample  Rn(Q) R (Q) Cu(10°F) Re(Q) Cu(10°F) Rar(Q) Cair (10°F)

0 unL AcOH 11.9 1.96 3.10 8.53 3.80 2.05 3.10
10 uL AcOH 11.7 2.05 2.84 1.49 3.08 2.10 3.82
50 uL AcOH 11.6 2.81 2.34 7.89 3.34 2.97 3.20
100 uL AcOH 11.4 2.68 2.00 9.94 3.52 2.47 4.60
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Electrochemical impedance spectroscopy (EIS) measurements were recorded under
simulated solar light to explore the charge transfer process in DSSCs made with BTZA-II dye
adsorbed on TiO: films using different quantities of AcOH in the original dye’s solution. The
impedance spectra of all DSSCs are plotted with Nyquist plots and are presented in Figure 11a.
The left semicircle of Nyquist plot represents the charge-transfer resistance at the
electrolyte/counter electrode interface (Rp) in high frequency and the right semicircle refers to
the charge transfer resistance at FTO/Ti02/dye-electrolyte interface (Ry) in low frequency. It is
obvious from data also presented in Table 4 that the lower resistance to the electrode-electrolyte
interface is calculated for 10 uL. AcOH case in absolute agreement with J-V electrical results.
However, similar results for all electrodes were obtained for charge transfer at the
FTO/TiOz/dye-electrolyte interface according to Bode plots illustrated in Figure 11b. Charge
transfer is related to the frequency peak position (fmax) to the plot. Since the charge carrier
lifetime is inversely proportional to fmax, the electron lifetime (t.) estimated from the expression

Te=1/2nfmax indicates that all electrodes have long charge carrier lifetimes from 25-26 msec.
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Figure 11. (a) Impedance spectra and (b) Bode phase plots of dye-sensitized solar cells with
BTZA-II from toluene solutions with various amounts of AcOH measured at open circuit
voltage at 1 sun illumination.
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CONCLUSIONS

The photophysical and solar cell properties of an organic sensitizer incorporating triphenylamine
electron donor and benzothiazole acceptor have been studied. The dye molecules in solutions are
found in neutral and anionic form and the photophysics as well as solar cells efficiency are
largely dependent on the equilibrium between these two species. Our goal was to investigate and
differentiate the photophysical properties of the neutral and anionic form of the dye, to determine
the effect of solvent acidity on the solar cell performance and finally to increase the solar cell
efficiency through a simple and efficient method. Initially, dye solutions with various solute
concentrations, as well as with various amounts of a strong base or acetic acid have been studied,
shifting thus the equilibrium systematically towards the neutral (COOH) or the anionic (COO")
dye form. Upon increasing the concentration, the amount of neutral species increase. In toluene,
the neutral and anionic species have a lifetime of 1.8 and 1.1 ns, respectively and both contribute
to the emission. However, in acetonitrile, the emission is governed by only the anionic form
having a lifetime of 2.0 ns, while the neutral ones are highly quenched with a lifetime of 0.5 ns.
These results are corroborated by those obtained when the base DBU or acetic acid were added
to the solution to produce anions or neutral species, respectively. The above results clearly
indicate that the thorough understanding of the photophysics of organic sensitizers in solutions is
more complex and one should be very careful to separate the contributions of anions and neutral
species which are solvent- and concentration-dependent and differ in spectral properties. Finally,
a remarkable increase of the solar cell efficiency was achieved after addition of a small,
appropriate amount of acetic acid to the initial dye solution. The photoelectric conversion
efficiency of BTZA-II dye increased from initial N=3.1% to n=4.9%, thus by 58%. We believe
that this simple yet efficient method for increasing the solar cell performance will be applied in

other organic as well as metal-based sensitizers comprising a carboxylic or phosphoric acid

group.
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