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ABSTRACT: The excited state and electron injection dynamics of three new organic
sensitizers, comprising a triphenylamine moiety connected by an ethenylene (C−C
double-bond) or ethynylene (C−C triple-bond) π-spacer to an electron-withdrawing
benzothiazole bearing a cyanoacrylic acid anchoring group, have been studied using a
combination of steady-state and femtosecond-resolved spectroscopies. The measure-
ments were carried out for the three dyes in predominantly neutral and completely
deprotonated forms in liquid solutions and bound on nanocrystalline TiO2 and Al2O3
thin films. In addition, quantum-chemical calculations were performed to predict
absorption spectra of the sensitizers and their corresponding cation radicals. Time-
resolved fluorescence (TRF) measurements on TiO2 indicate that electron injection
takes place on a <0.2 ps time scale. Transient electronic absorption (TA) measurements
provide evidence for the formation of radical cations not only in dye-sensitized TiO2 films but also in Al2O3 ones. The cation
lifetime in Al2O3 is significantly shorter compared to TiO2, indicating a faster recombination of injected electrons with the dye
cations. In addition, the ground-state bleach band in dye-sensitized TiO2 films experiences a gradual red-shift, which is indicative
of a transient Stark effect. Finally, femtosecond transient absorption measurements in the IR region point to an ultrafast
generation of injected electrons for all dyes. A faster recombination of the injected electrons with the dye cations is observed for
the sensitizer decorated with auxiliary electron-donating methoxy groups on the triphenylamine moiety.

■ INTRODUCTION

Dye-sensitized solar cells (DSSCs), composed of a wide band
gap semiconductor (typically TiO2 or ZnO) and a dye
absorbing in the visible spectral region, have recently reached
photoconversion efficiency exceeding 12%, by using cobalt-
based redox couples. However, a considerable progress toward
the improvement of device efficiency and stability can still be
achieved through better understanding and optimization of the
fundamental charge-transfer processes.1,2 In a working DSSC, a
variety of kinetically competing charge-transfer mechanisms
take place.3 The rate of each process depends on the energy
levels at the interfaces, the materials used, their morphology,
and preparation conditions as well as the chemical interactions
between them. The most fundamental process in DSSCs, after
the absorption of light by the dye molecules, is the electron
injection from the dye’s excited state to the conduction band of
the wide band gap semiconductor. It depends on: (i) the free-
energy difference between the dye’s excited state and the
semiconductor’s conduction band (driving force), (ii) the
electronic coupling between the dye and the semiconductor,

and (iii) the density of states of the electron-accepting sites in
the semiconductor.4 Electron injection in sensitized semi-
conductor films without the electrolyte has been found to
exhibit multiphasic dynamics on the 100 fs time scale and is
thus much faster than electron−hole recombination on the dye
molecule.5−11 Recent studies have shown that in complete
DSSCs, i.e., in the presence of electrolyte, electron injection is
retarded, taking place on the 10−100 ps time scale, because of a
positive shift of the energy of the semiconductor’s conduction
band due to the interaction with the electrolyte.12−16

Femtosecond spectroscopy is a most valuable tool to
determine the rate of the various carrier transfer dynamics
taking place in liquid as well as in solid-state DSSCs. More
sp e c ifi c a l l y , f em to s e cond t r an s i en t a b so rp t i on
(TA)7,11 ,12 ,14 ,17−22 and time-resolved fluorescence
(TRF)8,10,13,23−27 spectroscopies are the most widely used
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techniques in these studies. Although TA measurements allow
us to identify the generation of dye cations formed after
injection of electrons from the dye’s excited state to the
conduction band of the semiconductor, the corresponding TA
spectra can contain overlapping contributions from other
species such as excited molecules and/or injected electrons. TA
spectroscopy can also provide evidence for the existence of
Stark effects which arise after electron injection, affecting the
properties of dye molecules and cations.6,11,17,28 On the other
hand, femtosecond TRF spectroscopy monitors only the
relaxation of the excited state(s) of the dye molecule.
Additionally, femtosecond transient IR spectroscopy is the
most straightforward technique to probe the generation of the
injected electrons in the conduction band of the oxide
semiconductor.14,21 All the above techniques can be considered
complementary and their synergetic application to the study of
electron injection and recombination dynamics is the most
suitable and reliable procedure.
As far as the sensitizers are concerned, numerous studies

have shown that all-organic sensitizers with a D-π-A, D-π-D-π-
A, or D-π-A-π-A structure, where D and A are electron-
donating and -withdrawing groups, respectively, offer several
advantages over organometallic complexes, such as higher
molar extinction coefficients, easier synthesis, and reduced
production cost.29−40 Moreover, their use does not rely on the
availability of precious metals like ruthenium, osmium, or
iridium. The choice of electron-donating and -accepting groups
and of the π-bridge allows a specific tailoring of optical and
electronic properties to match the criteria needed for improving
the DSSC efficiency and stability. In this respect, a
benzothiazole unit could be an attractive building block for
sensitizers because of its electron-withdrawing character and
increased chemical and photophysical stability. Interestingly,
this heterocyclic scaffold has been so far only scarcely used in
organic sensitizers,41 although it has been successfully
employed in various functional materials, such as organic
compounds displaying enhanced nonlinear optical proper-
ties.42−48

In this paper, we present a detailed investigation of three new
triphenylamine-benzothiazole sensitizers (Figure 1) by combin-
ing steady-state spectroscopy, femtosecond time-resolved
fluorescence spectroscopy and femtosecond transient absorp-
tion spectroscopy in the visible and IR regions. All these

techniques provide an insight into the dynamics of the excited
state, the electron injection, the photoinduced radical cation
generation, and the formation of free electrons in the
conduction band. Quantum chemical calculations have also
been performed in order to predict the cation absorption
spectra, which were needed for a better interpretation of the
TA spectra. Investigations have been conducted with the three
sensitizers in CHCl3 solutions in the absence and presence of a
base, respectively, and on nanocrystalline TiO2 and Al2O3 films.
The studies are focused on (a) a comparison of the
photodynamics in the different environments and (b) a
comparison of the photodynamics of the three dyes in order
to predict which structure seems more suitable for solar cell
applications.

■ EXPERIMENTAL SECTION
Materials. Dyes. The structures of the sensitizers

investigated here, along with their abbreviations, are shown in
Figure 1. All three compounds consist of a triphenylamine
moiety (with or without auxiliary electron-donating methoxy
groups) coupled by a π-spacer to the benzothiazole ring bearing
a cyanoacrylic acid anchoring group. The synthetic procedures
and spectroscopic characterization of the sensitizers are
described in the Supporting Information.
The solvent used for the spectroscopic measurements,

chloroform (CHCl3), was of spectrophotometric grade
(Sigma-Aldrich, ≥99.8%). The purity of the base, 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU, Fluka Analytical), was
higher than 99%.

Preparation of the Al2O3 and TiO2 Films. The details for the
preparation of the nanocrystalline Al2O3 and TiO2 films have
been published elsewhere.10 Briefly, for Al2O3 thin films, two
solutions were prepared in separate containers. The first
solution consisted of the nonionic surfactant Triton X-100
(0.21 g) dissolved in ethanol (9 mL) and the second of
aluminum sec-butoxide Al(OsBu)3 (0.09 g) dissolved in water
(3 mL) with pH adjusted to 2 using HCl acid. The solutions
were mixed, and the mixture was stirred for an hour and then
aged for 1 day. For TiO2 films, Triton X-100 (1.8 g) was mixed
with ethanol (10 mL), followed by addition of glacial acetic acid
(0.8 mL) and titanium isopropoxide Ti(OiPr)4 (0.9 mL) under
vigorous stirring. For preparing the films, conductive glass
substrates (fluorine-doped SnO2, FTO) were dipped in the
above solutions and withdrawn with a rate of 2 cm/s. Both
TiO2 and Al2O3 films were heated to 500 °C for 30 min with a
20 °C/min heating ramp rate. A final film thickness of around
1.5 μm was achieved (based on evidence of cross-sectional
SEM images). These films, after being sensitized with the dyes,
have shown good optical transparency in the visible region and
at 4000 nm and have been used in all spectroscopic studies
herein.

Samples. The three sensitizers have been studied in CHCl3
solutions in the absence and presence of DBU base,
respectively, and on nanocrystalline TiO2 and Al2O3 films.
For TA measurements the concentration of the solutions was
adjusted so that the optical density in a 1 mm cuvette was ∼0.2
at the excitation wavelength. The solutions in the presence of
DBU have been prepared by adding an equimolar amount of
DBU to the CHCl3 solutions. The sensitized films were
prepared by immersing the TiO2 and Al2O3 films in a 5 × 10−4

M solution of the dyes in CHCl3 (immersing time 15 min).
The TiO2 and Al2O3 dye-sensitized films were measured in air
several weeks after the immersion in dye solutions and over a

Figure 1. Structure of the triphenylamine-benzothiazole sensitizers
BTZA-I−III.
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period of one month. No significant difference was observed in
the dynamics. TiO2 has been used to study electron injection
from the dyes to its conduction band (located at ∼−0.5 V vs
NHE, i.e., lower than the excited state potential of the dyes),
while the potential of the conduction band of Al2O3 is higher
than the excited state potential of the dyes (−4.5 V vs NHE).
Computational Details. The ground-state structure

optimizations were carried out using density functional theory
(DFT) at the B3LYP/TZVP level as implemented in the
Gaussian 09 package.49 For the radical cations, the unrestricted
Kohn−Sham formalism was used. Harmonic vibrational
frequencies have been computed for both the neutral and
deprotonated forms of the sensitizers to prove that the
optimized structures are minima on the potential energy
surface. Vertical excitation energies were calculated by time-
dependent DFT, using the modified CAM-B3LYP functional50

with the following parameters: α = 0.19, β = 0.33, γ = 0.33, and
the TZVP basis set for all atoms. Bulk solvent effects were
simulated using the integral equation formalism of the
polarizable continuum model (IEF-PCM).51 For each of the
molecules, a number of conformational isomers were examined,
and the computed excitation energies were Boltzmann-averaged
(at 298 K). To facilitate the visualization and to allow an easier
comparison with experiment, the calculated absorption spectra
were convolved with a Gaussian function having a full width at
half-maximum (fwhm) of 0.2 eV.
Steady-State Measurements. The steady-state absorption

and fluorescence spectra of the compounds in films were
obtained using a Hitachi U-2900 UV−vis and a Hitachi F-2500
fluorescence spectrophotometer, respectively. The accuracy of
the steady-state fluorescence measurements was checked using
the Europium Eu3+ emission (5D0 →

7F2 transition) at 613 nm
as a reference. The fluorescence spectra of solid samples were
collected using a special holder with a 10° inclination angle,
thus avoiding increased reflections of the excitation beam
toward the detection pathway.
Femtosecond TRF Measurements. The fluorescence

dynamics have been studied using femtosecond time-resolved
upconversion spectroscopy, with a setup described in detail
previously.10,26 The second harmonic of a Ti:sapphire femto-
second laser was used as the excitation beam (400 nm
wavelength, 80 MHz repetition rate, <5 mW average power).
The fluorescence of the samples was collected and mixed
together with the delayed fundamental beam (800 nm) on a
type I BBO crystal to produce a UV signal beam, which was
then passed through appropriate filters and a monochromator
and was detected by a photomultiplier connected to a
computer. The polarization between the excitation and the
detection was set to magic angle. The instrument response
function (IRF) was about 140 fs. The dynamics were
reconstructed after averaging of three to five decay curves.
Femtosecond TA Measurements. In the Visible Region.

The electronic TA setup has been described in detail
previously.52,53 The 800 nm and 150 fs output pulses
(FWHM) of an amplified Ti:sapphire system were split into
two parts. One part was used for white light generation, from
360 to 750 nm, after focusing into a 3 mm thick CaF2 window.
The other fraction was either frequency doubled to generate
the 400 nm excitation beam or used to pump a noncollinear
optical parametric amplifier (NOPA) to generate the excitation
beam at 505 nm. The fluence of the excitation beam at the
sample was approximately 0.1 mJ/cm2, and its polarization was
at magic angle with respect to the probe beam. TA

measurements were performed from −5 up to 1700 ps. The
solid samples were placed in a holder, which was constantly
moved randomly, on a plane perpendicular to the excitation
beam. The liquid samples were measured in a 1 mm quartz cell
and bubbled continuously by N2 during all measurements. The
TA spectra were corrected for the chirp of the white-light probe
pulses, and a global fitting method has been used for their
analysis. The fitting routine did not account for a wavelength-
dependent IRF. Therefore, the first ca. 300 fs were excluded
from the analysis, to avoid artifacts arising from the IRF.

In the Infrared Region. The experimental setup for fs IR TA
experiments was based on a Ti:sapphire amplified system
(Spectra Physics Solstice) producing 100 fs pulses at 800 nm at
1 kHz.54 Excitation was performed with 0.02 μJ pulses at 400
nm produced by frequency doubling a fraction of the amplifier
output and focused to a 350 μm diameter spot on the sample
(∼0.02 mJ/cm2). Mid-IR probe pulses at around 4 μm were
generated by difference frequency mixing the output of an
optical parametric amplifier (Light Conversion, TOPAS-C with
NDFG module) pumped at 800 nm. The polarization of the IR
beam was controlled using a wire-grid polarizer. Two
horizontally polarized beams were produced by means of a
CaF2 wedge and focused onto the sample to a 140 μm diameter
spot. One of the beams was overlapped with the pump beam
and polarized at magic angle with respect to the pump beam,
whereas the second was used as a reference beam. Both IR
beams were focused onto the entrance slit of an imaging
spectrograph (Horiba, Triax 190, 150 lines/mm) equipped with
a liquid nitrogen cooled 2 × 64 element MCT array (Infrared
Systems Development).
The sample area and the detection system were located in a

box that was purged with dry air for at least 45 min before each
experiment. The average of 2000 signal shots was taken to
collect one data point. For each system, six to eight
measurements were averaged to reconstruct the spectra. The
solid sample was moved between each measurement, and no
sample degradation was observed during one measurement, as
controlled by identical amplitudes before and after every
measurement at a time delay of 1 ps. The IR signal at each time
delay is an average over 14 MCT pixels (60 cm−1).

■ RESULTS AND DISCUSSION
Steady-State Absorption and Fluorescence Spectra.

The steady-state absorption and fluorescence spectra of the
triphenylamine-benzothiazole sensitizers in different environ-
ments are shown in Figures 2a−d. For comparative purposes,
the spectra of BTZA-II measured in CHCl3 solution and on the
Al2O3 and TiO2 surface are provided in Figure S1 (Supporting
Information). The photophysical parameters of all three
compounds are summarized in Table 1. In general, the three
sensitizers display two intense absorption bands. On the basis
of TD-DFT calculations, the lower-energy band appearing at
410−490 nm is primarily associated with the HOMO−LUMO
transition and corresponds to an intramolecular-charge transfer
(ICT) from the arylamine moiety to the electron-withdrawing
benzothiazole and adjacent cyanoacrylic acid group (see Figure
3 for the frontier molecular orbitals of BTZA-II). The higher-
energy band located at around 350−370 nm is assigned to
delocalized π−π* HOMO−1 → LUMO and HOMO →
LUMO+1 transitions (cf. Figure 3).
A significant red shift of both absorption (λabs) and emission

(λf) peaks, by 53 and 38 nm (0.34 and 0.15 eV), respectively, is
observed when going from BTZA-I to BTZA-II, indicating that
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π-conjugation via an ethenylene (CC double bond) spacer is
energetically more favorable than that through an alkyne-type
(CC triple bond) bridge. Both λabs and λf are further red-
shifted by 12 and 11 nm (0.07 and 0.04 eV), respectively, upon
introducing an auxiliary donor functionality (methoxy group)
onto the triphenylamine moiety (cf. BTZA-II vs BTZA-III).
The absorption spectra of the dyes on solid substrates display

a remarkable blue shift of ICT absorption maxima ranging from
21 to 42 nm (0.16 to 0.26 eV) as compared to the spectra
measured in CHCl3. This hypsochromic shift can be primarily
ascribed to the deprotonation of the carboxylic group and
attachment of dye molecules via carboxylate oxygen atom(s) to
the TiO2 surface. A similar but less pronounced blue shift is
also observed in the fluorescence spectra of Al2O3 samples
except from the case of BTZA-I. It is worth noting that the
fluorescence of all compounds on the TiO2 surface was
dramatically quenched due to efficient electron injection, which
prevented us from measuring the emission spectra of the TiO2
samples.

To examine the effect of deprotonation of the carboxylic
COOH group on the photophysical properties of the “free”
(covalently nonbonded) dyes, solutions in the presence of
strong organic base (DBU) were studied as well.55 Adding
DBU shifts the equilibrium almost exclusively toward the
anionic (COO−) form, which displays a blue-shift of the ICT
absorption band by ca. 23−46 nm (0.13−0.38 eV) as compared
to the predominantly “nondeprotonated” dye molecules in
CHCl3 solution (cf. Table 1). This remarkable change of ICT
characteristics upon deprotonation also coincides with the
excitation energies computed for neutral and anionic forms of
the dyes (Table 1).
The calculated absorption spectra of the sensitizer cations in

the wavelength range of 320−800 nm are presented in Figure
2e. They display three main bands located at 380−400 nm,
440−500 nm, and at 580−650 nm, while [BTZA-III]+ also
exhibits a pronounced absorption at λ around 700 nm. In
addition, all cation radicals derived from BTZA-I−III are
predicted to show also a distinct absorption band at longer
wavelengths with maxima at 820−900 nm, which are, however,
outside the experimental spectral window.

Time-Resolved Fluorescence Dynamics. TRF measure-
ments have been performed for the dyes on TiO2 and Al2O3
substrates in order to investigate the electron injection
dynamics. Figures 4a and 4b show the fluorescence dynamics
measured for BTZA-II on TiO2 and Al2O3 films, respectively, at
different emission wavelengths. The decays have been fitted by
a three-exponential decay function convolved with the IRF and
the parameters are given in Table 2. The average lifetimes have
been determined as ⟨τ⟩ = [(∑iAiτi)/(∑iAi)]. The dynamics for
compounds BTZA-I and BTZA-III on TiO2 and Al2O3 are
shown in Figure S2, and the results are summarized in Table S1
(Supporting Information).
The fluorescence dynamics of BTZA-II on TiO2 show an

ultrafast decay component (0.19−0.60 ps depending on the

Figure 2. (a), (b), (c), (d) Normalized absorption (full points) and
fluorescence (empty points) spectra of BTZA-I (blue squares), BTZA-
II (green circles), and BTZA-III (red triangles) in different
environments. (e) Calculated absorption spectra of the dye radical
cations. The intensity of the steady-state fluorescence spectra on TiO2
was too small to be measured.

Table 1. ICT Absorption and Fluorescence Characteristics of the Benzothiazole-derived Sensitizers BTZA-I−III

λabs (nm) λf (nm) λabs
calcd (nm)d

dye CHCl3 Al2O3 TiO2 CHCl3 Al2O3 neutral anion

c = 25 μMa + DBUb c = 25 μMa + DBUb

BTZA-I 411 (84500)c 365 390 398 535 522 549 439 395
BTZA-II 464 (30960)c 440 422 440 573 549 563 461 412
BTZA-III 476 (57720)c 453 438 450 584 564 570 480 427

aDue to the acid−base equilibrium between the dissociated and non-dissociated form of the sensitizer, the absorption and emission peak positions
depend also on the dye concentration. The data presented here are given for 25 μM solutions in CHCl3.

bAbsorption and emission maxima
measured after adding an equimolar amount of DBU to the chloroform solution of the sensitizer. cMolar extinction coefficients given in M−1cm−1.
dVertical excitation energies calculated at the mCAM-B3LYP/TZVP level using a PCM solvation model (cf. Computational Details).

Figure 3. Frontier molecular orbitals of BTZA-II.
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detection wavelength, cf. Table 2), indicating an ultrafast
electron injection, whereas slower components have also been
found. The wavelength dependence is due to the fact that faster
electron injection takes place from energetically higher-lying
excited state sublevels, while slower electron injection takes
place from lower ones. Apart from BTZA-II, ultrafast decay
components have been also found for BTZA-I and BTZA-III
on TiO2 (τ1 = 0.18 and 0.10 ps for BTZA-I and BTZA-III,
respectively; cf. Table S1, Supporting Information). Similar
multiexponential decays have been reported in the past for
other D-π-A dye/coated TiO2 films exhibiting ultrafast as well
as picosecond electron injection dynamics.6,8,10,18,56 The
multiexponential decays, indicating a multiphasic injection
mechanism, are mainly associated with the inhomogeneity of
the dye-coated films, i.e., different concentration of the
adsorbed dye molecules at different spots of the films,
coexistence of isolated dye molecules and aggregates, etc. All
these species inject electrons at different rate constants. In
addition, electron injection from both unrelaxed and relaxed
excited states also leads to multiexponential injection with the
relaxed state being responsible for a delayed injection because
of its lower energetic position. By examining the TRF results, it
is also concluded that the average lifetimes of the sensitizers on
Al2O3 are longer than on TiO2. However, even in Al2O3
samples, relatively fast decay times are found (τ1 for BTZA-II

ranges from 0.18 to 1.0 ps for wavelengths from 500 to 590 nm,
Table 2), indicating that electron injection into trap states may
occur to some extent (vide inf ra). Besides, slower dynamic
features with 40−100 ps time constants have been obtained in
Al2O3. These are assigned to non-electron-injecting species,
responsible for the fluorescence spectra shown in Figure 2c.

Transient Absorption Dynamics in the Visible. The TA
spectra of the three sensitizers BTZA-I−III were measured on
Al2O3 and TiO2 substrates upon excitation at 400 and 505 nm.
For comparison, the TA spectra were also measured in CHCl3
solutions with and without DBU base. Figures 5a, 6a, and 7a

show the TA spectra measured for BTZA-II in CHCl3 + DBU,
on Al2O3 and TiO2 at various time delays. The reverse
absorption and stimulated emission (SE) spectra are also
shown for comparison. The latter were calculated by multi-
plying the spontaneous emission spectra by λ4.57 The
parameters of the TA dynamics, obtained after a multi-
exponential global analysis, are summarized in Table 3, and the
Decay Associated Difference Spectra (DADS) are shown in
Figures 5b, 6b, and 7b.

Figure 4. Fluorescence decay dynamics measured for BTZA-II on (a)
TiO2 and (b) Al2O3 substrates at various detection wavelengths upon
400 nm excitation. The dynamics were reconstructed after averaging
three to five decay curves.

Table 2. Fluorescence Decay Parameters for BTZA-II on TiO2 and Al2O3 Substrates at Various Wavelengths Obtained from
Multiexponential Analysisa

λem (nm) substrate A1 τ1 (ps) A2 τ2 (ps) A3 τ3 (ps) ⟨τ⟩ (ps)

500 TiO2 0.82 0.10 0.15 0.88 0.03 4.7 0.36
530 0.59 0.10 0.35 0.90 0.06 4.5 0.70
560 0.53 0.15 0.38 0.70 0.09 4.6 0.80
590 0.84 0.58 0.12 3.3 0.04 13 1.4
620 0.62 0.60 0.31 3.3 0.07 20 2.8
500 Al2O3 0.30 0.18 0.49 0.74 0.21 5.2 1.5
530 0.42 0.20 0.60 1.0 0.26 8.7 2.9
560 0.38 1.2 0.48 5.0 0.14 38 8.2
590 0.30 1.2 0.50 4.4 0.20 45 12
620 0.54 4.8 0.19 18 0.27 100 33

aAll decay parameters have been obtained after fitting to the average of three to five decay curves and contain an error of less than 10%.

Figure 5. (a) TA spectra measured for BTZA-II in CHCl3 in the
presence of DBU at different time delays upon 400 nm excitation. The
reverse absorption and SE spectra are also shown for comparison. (b)
DADS obtained after a three exponential global analysis.
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The early TA spectra in CHCl3 + DBU are dominated by a
broad negative band below 570 nm, due to the bleach of the
ground-state population (GSB) and to SE and by a positive
band above 570 nm that can be ascribed to excited-state
absorption (ESA). The SE band apparently decreases and shifts
to longer wavelength with time, whereas the ESA band

decreases as well but shifts to shorter wavelengths. The TA
dynamics could be well reproduced with the sum of three
exponential functions (Table 3). The two shortest time
constants, 2.8 and 9.3 ps, are associated with the red shift of
the SE band and can be ascribed to solvent/vibrational
relaxation. The third time constant, >1000 ps, associated with
the recovery of the ground-state population, is assigned to the
decay of the relaxed excited state. The blue shift of the ESA
band could be explained, at least partially, by the changing
overlap of the SE and ESA bands with time. Additionally, the
blue shift of the ESA band could also be explained by an S1
state being more polar than the Sn state and thus an increase of
the Sn−S1 energy gap upon solvation.
In order to compare the photodynamics of the anionic form

with that of the neutral one, the TA spectra of BTZA-II have
also been measured in CHCl3 solution without DBU, and the
results are shown in Figures S3a and S3b (Supporting
Information). The spectra are qualitatively similar to those
shown in Figure 5a and can be interpreted likewise, i.e., by
relaxation of an excited state with substantial CT character,
indicating that addition of DBU has only a rather modest effect
on the shape and temporal evolution of TA spectra. The
differences in shape are due, at least partially, to the small band
shift observed in the steady-state absorption and emission
spectra upon addition of DBU. The DADS and time constants
are also very close (Figure 5b and Figure S3b, Supporting
Information), pointing to very similar excited-state dynamics.
The TA spectra of the other two sensitizers, BTZA-I and

BTZA-III, in CHCl3 with DBU are presented in Figures S4 and
S5 (Supporting Information) and show features similar to those
of BTZA-II. In the case of BTZA-III, a triple-exponential
function was, however, not enough to properly reproduce the
temporal evolution, and the sum of four exponential functions
had to be used. The first two (1.4 and 5.3 ps) and the last time
constants (>1000 ps) as well as their DADS are very similar to
those obtained for BTZA-II.
The TA spectra of BTZA-II on Al2O3 (Figure 6a) show a

GSB band around 460 nm which is at longer wavelengths
compared to the steady-state absorption spectrum. In addition,
a small contribution of SE is observed at short time delays
between 515 and 550 nm, which is rapidly quenched either
because of energy transfer to energetically lower-lying
aggregates or because of electron injection into trap states
(vide inf ra). Regarding the positive part of the spectra, a broad
photoinduced absorption band (from 550 to 750 nm) is
present in the early spectra. This band, which is assigned to an
unrelaxed excited state, relaxes to generate a new positive band
ranging from 510 to 650 nm, with a maximum at ∼550 nm.
Besides, a positive band also appears below 400 nm, i.e., close
to the main absorption band of the dye radical cation. Its
presence suggests that electron injection from the dye to Al2O3
is operative. Since the cation band at 400 nm is close to the
excitation wavelength, additional TA spectra were recorded

Figure 6. (a) TA spectra measured for BTZA-II on Al2O3 substrate at
different time delays upon 400 nm excitation. The reverse absorption
and SE spectra are also shown for comparison. (b) DADS obtained
after a three exponential global analysis. The calculated radical cation
spectrum is shown in (b).

Figure 7. (a) TA spectra measured for BTZA-II on TiO2 substrate at
different time delays upon 400 nm excitation. The reverse absorption
spectrum is also shown for comparison. (b) DADS obtained after a
three exponential global analysis. The calculated radical cation
spectrum is shown in (b).

Table 3. Parameters of TA Dynamics for the Three Sensitizers in Different Environments upon Excitation at 400 nma,b

CHCl3 + DBU Al2O3 TiO2

λexc (nm) dye τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ps) τ1 (ps) τ2 (ps) τ3 (ps) τ1 (ps) τ2 (ps) τ3

400 BTZA-I 2.4 8.2 >1000 1.6 29 >1000 1.3 31 ns component
BTZA-II 2.8 9.3 >1000 1.5 28 >1000 1.2 15 ns component
BTZA-III 1.4 5.3 48 >1000 2.2 100 >1000 1.5 22 ns component

aThe parameters were obtained after multiexponential global analysis. bThe error on the TA time constants is estimated to be 10%.
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upon 505 nm excitation (Figure S6a, Supporting Information).
They are almost identical to those measured upon excitation at
400 nm, confirming the existence of the cation band at λ < 400
nm. Thus, knowing that the dye cation is generated in Al2O3
and considering the calculated radical cation spectra, we
attribute the ∼550 nm TA band to overlapping signals coming
from the relaxed excited state and the dye cation. The time
evolution of the TA spectra could be reproduced using the sum
of a three exponential function with 1.5, 28 and >1000 ps time
constants, and the DADS are shown in Figure 6b. The first two
components are associated with the decay of the unrelaxed
excited state. However, the transient absorption signal at 390
nm also exhibits fast decay components. Therefore, the latter
could also be associated with the decay of the cation band due
to fast recombination of the injected electrons with the cations.
Finally, the longest >1000 ps component is associated with a
slow decay of the cation band.
The TA spectra measured for BTZA-II on TiO2 (Figure 7a)

upon 400 nm excitation have also been analyzed globally, and
the time constants were found to be 1.2 and 15 ps together
with a long ns component. The DADS are presented in Figure
7b. Five important features are obvious in these TA spectra: (i)
SE is totally absent; (ii) the radical cation band is again
observed at ∼410 nm and decays on a longer time scale than in
Al2O3 (ns component); (iii) the unrelaxed excited state decays
faster than in Al2O3; (iv) the band at 600 nm is now very long-
lived compared to Al2O3; and (v) the GSB recovery is very
slow. The bleach band again exhibits a large shift compared to
the steady-state absorption spectrum of the dye on TiO2, which
could be possibly due to the Stark effect produced by the local
electric field generated after the electron injection.6,17 In
addition, the calculated cationic band at ∼390 nm (Figure 2e)
is shifted to ∼410 nm in the experimental TA spectra (Figure
7a). The above-mentioned features are also present in the
corresponding TA spectra of BTZA-II on TiO2 upon 505 nm
excitation, which are shown in Figure S6b (Supporting
Information).
The TA spectra measured for BTZA-I and BTZA-III on

Al2O3 and TiO2 upon excitation at 400 nm are presented in
Figures S7 and S8 (Supporting Information). In general, these
spectra show features similar to those measured for BTZA-II.
However, the radical cation band in Al2O3 is not clearly
detected in the case of BTZA-I and BTZA-III because of
increased scattering of the excitation light (thereby, the region
below 410 nm is not shown in the TA spectra of Al2O3; cf.
Figures S7a and S8a, Supporting Information). In order to
observe the cationic band more clearly, TA measurements with
excitation at 505 nm have also been performed for BTZA-III
on Al2O3 and TiO2 and are presented in Figures S9a and S9b
(Supporting Information), respectively. They unambiguously
show the generation of the cation band at ∼410 nm in both
Al2O3 and TiO2. TA measurements with excitation at 505 nm
could not be performed for BTZA-I since it does not absorb at
this wavelength.
Selected TA time profiles at wavelengths corresponding to

the unrelaxed band (720 nm) and the cationic band (∼400 nm)
are compared for BTZA-II on Al2O3 and TiO2 in Figures 8a
and 8b. On TiO2, the unrelaxed band decays, and the cation
band rises on a similar time scale suggesting that these
phenomena are closely linked. The cations are generated on a
<200 fs time scale as well as on a ∼1 ps time scale. This agrees
with the TRF dynamics, which exhibits ultrafast as well as
picosecond dynamics. On Al2O3, the cations are entirely

generated within the IRF. The ultrafast generation of cations in
Al2O3 is in agreement with the observation of ultrafast decay
components in the TRF experiments, especially at short
detection wavelengths. The absence of additional rising
components on the picosecond time scale is due to the
immediate recombination of the initially injected electrons with
the dye cations, making the instantaneous population of slowly
generated cations too small to be detectable. Another important
feature shown in Figures 8a and 8b is the comparison of the
TRF dynamics (detected at the maxima of the fluorescence
spectra) with those of the unrelaxed band obtained by TA
spectroscopy. It is obvious that in both Al2O3 and TiO2 samples
the dynamics within the first 10 ps are very similar.
It is important to note that the cation band located at around

400 nm decays much faster in Al2O3 than in TiO2. The long-
range dynamics of this band in TiO2 and Al2O3, shown in
Figures 9a and 9b for BTZA-II and BTZA-III, points to
multiexponential recombination.58,59 The faster decay in Al2O3
is due to the fact that trapped electrons cannot diffuse through
the mesoporous Al2O3 material and, therefore, readily

Figure 8. TA dynamics of the unrelaxed band (720 nm) and radical
cation band (410 and 390 nm) of BTZA-II on (a) Al2O3 and (b)
TiO2. The TRF dynamics is also shown for comparison.

Figure 9. TA dynamics of the cation band of (a) BZTA-II and (b)
BZTA-III on TiO2 and Al2O3, upon 505 nm excitation. The inset
shows the dynamics of the cation band of BTZA-I on TiO2 upon 400
nm excitation.
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recombine with the dye cations to repopulate the neutral
ground state. However, in the case of TiO2, the injected
electrons have an increased possibility to become free electrons
and then diffuse into the conduction band. Another conclusion
derived from Figures 9a and 9b is that, in TiO2 samples, BTZA-
II cations live longer than those derived from BTZA-III,
indicating a slower recombination with BTZA-II, which is
beneficial as far as solar cell efficiency is concerned. The
dynamics of the cation band of BTZA-I on TiO2 is presented in
the inset of Figure 9b, indicating that this sensitizer also exhibits
slower recombination than BTZA-III but similar to BTZA-II.
Although our experimental results do not probe the slow
dynamics of recombination and accurate determination of the
cation lifetime cannot be made, the above conclusions are
derived by comparing the signal of the cation band of BTZA-I,
BTZA-II and BTZA-III at long times.
An important difference between the TA spectra measured

for dye-sensitized TiO2 and Al2O3 thin films is the fact that the
GSB band experiences a gradual red-shift in TiO2, while this is
not observed in Al2O3 (Figures 10a and 10b). This indicates a

gradual establishment of a Stark effect as electrons are injected
to the TiO2 nanocrystalline material. The lack of this transient
shift in Al2O3 is associated with more efficient recombination of
the electrons with the cations in Al2O3 than in TiO2. The
understanding of the influence of Stark effects in DSSCs is of
major importance and has been intensely studied in recent
years both experimentally and theoretically.6,11,17,60−62 Specif-
ically, Bairu et al.6 have reported a similar red-shift of the bleach
band for another D-π-A sensitizer on TiO2 and attributed this
to the influence of the injected electrons and cations at early
times that shift the bleach band to shorter wavelengths.
However, measurements on a reference substrate, such as
Al2O3, were missing in that work. Similar results have also been
reported by Oum et al., who have also used TA spectroscopy to
investigate the photodynamics in dye-coated TiO2 and ZrO2
samples, the latter being used as a reference material. They have
detected similar early time behavior in both materials,
indicating that electron injection to ZrO2 is also operative.11,17

However, at longer times no transient Stark effects have been
observed in ZrO2, in agreement with our own results.
Transient Absorption Dynamics in the IR. Figures 11a

and 11b show the short- and long-range dynamics of the TA in

the IR, i.e., 4000 nm, where injected electrons in the
conduction band are expected to absorb.63−65 Excitation was
performed at 400 nm. The rise of the electron absorption band
is similar for the three compounds and is within the IRF (∼300
fs) indicating ultrafast electron injection for all three dyes in
agreement with the TRF results on TiO2. Additionally, the
absence of a slow rising injected-electron dynamics reveals that
intermediate electron−cation complexes are not formed. It is
interesting to note that a small but measurable TA signal was
observed even for Al2O3 samples but only with BTZA-I and
BTZA-III. In all cases, the signal from the Al2O3 samples was
10−20 times smaller than that measured for TiO2. The longer
time scale dynamics of the IR TA has been analyzed with a
three exponential function, and the results are presented in
Table S2 (Supporting Information). They present two
important features: (a) The intensity in Al2O3 decays much
faster than in TiO2, indicating faster recombination of the
injected electrons with the dye cations. This result is in
agreement with the faster decay of the cations in Al2O3 than in
TiO2 found by visible TA. (b) The remaining population of
electrons after 1.9 ns is smaller for BTZA-III than for the other
dyes. This points to a faster charge recombination in the case of
BTZA-III, which is also in agreement with the conclusions
derived from visible TA measurements.
It should be noted here that the decay of the IR signal is not

only due to the recombination of the injected electrons with
the dye cations but arises also from the relaxation of electrons
down the conduction band or trap states.66,67 In order to clarify
which mechanism is responsible for the decay, we compare in
Figures 12a and 12b the longer time scale dynamics of the
cations and injected electrons measured for BTZA-III on Al2O3
and TiO2. On Al2O3, the IR and the cation signals decay very
similarly, indicating that recombination is the most important
decay mechanism. On TiO2, on the other hand, the decay of
the IR signal is much faster than that of the cations, revealing
that the population of injected electrons experiences not only
recombination but also relaxation. The relaxation of the
injected electrons down the conduction band is the reason

Figure 10. Time evolution of the ground-state bleach measured for
BTZA-II on (a) Al2O3 and (b) TiO2.

Figure 11. Normalized IR TA dynamics of the injected electron at
4000 nm upon 400 nm excitation of the dye time-resolved IR
dynamics on a short (a) and long (b) time scale. Excitation is at 400
nm and detection at 4000 nm.
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why we do not observe a rise of the IR signal in TiO2 samples
within the first 2 ps, as in the case of the radical cation (Figure
8b).
Overall, the comparison of the photodynamics of the three

sensitizers using various time-resolved techniques, as described
above, leads to the conclusion that the differences in the
structures of the sensitizers do not play a very significant role in
electron injection, which always takes place on a <200 fs time
scale. The main difference among the three sensitizers is the
recombination rate, which is highest for BTZA-III, while in the
other two sensitizers it is slower and almost similar to each
other. The faster recombination with BTZA-III may be due to
the presence of the methoxy groups on the triphenyl moiety
that increase the electron-donating properties of this dye
compared to the other two. This should lead to a reduction of
the driving force for charge recombination and, thus, to a faster
recombination as predicted by Marcus electron transfer theory
for the inverted regime.68 So, although BTZA-III’s absorption
spectrum covers a significant part of the visible spectrum, the
increased recombination rate is expected to have a detrimental
role in solar cell efficiency. Solar cell characterization of the
three compounds is underway in our laboratories and will be
the subject of another publication.

■ CONCLUSIONS
The photophysics and electron injection dynamics of three
novel D-π-A organic sensitizers have been examined using a
combination of steady-state, femtosecond time-resolved fluo-
rescence spectroscopy and femtosecond transient absorption
spectroscopy in the visible and IR regions. The dipolar
sensitizers contain a triphenylamine moiety (with or without
additional methoxy substituents) connected via an ethenylene
or an ethynylene π-spacer to benzothiazole with a cyano-acrylic
acid functionality as the acceptor. The time-resolved studies
have been performed in CHCl3 and CHCl3 + DBU solutions
and on TiO2 and Al2O3 films. Time-resolved fluorescence and
transient absorption measurements on TiO2 have shown an
ultrafast electron injection for all three dyes, indicating that the
differences in the chemical structures do not influence the
injection process. The transient absorption spectra upon
excitation at 400 and 505 nm provide sufficient evidence for

the generation of dye radical cations in the dye-coated TiO2
films as well as in the Al2O3 ones. The radical cations are long-
lived in TiO2 because of slow back electron transfer.
Additionally, a transient red shift of the bleaching band is
observed and is attributed to a transient Stark effect. The cation
lifetime in Al2O3 is much reduced compared to that in TiO2,
indicating a fast recombination of the trapped electrons with
the dye cations. Finally, femtosecond transient absorption
experiments in the IR region, probing the population of the
injected electrons, point to an ultrafast generation of electrons
in TiO2 as well as in Al2O3 (but to a much smaller extent) and
to a faster recombination in Al2O3 in agreement with the
transient absorption measurements in the visible. The
recombination rate of injected electrons was found to be
similar for BTZA-I and BTZA-II indicating that it does not
depend on whether there is a triple or double bond spacer.
However, a faster recombination of the injected electrons was
observed for the dye with additional methoxy substituents
coupled to the triphenylamine moiety (BTZA-III), which is
expected to play a detrimental role in its solar cell efficiency.
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