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Fast and ultrafast charge transfer dynamics in
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Three organic conjugated donor—acceptor dyes with hydrophobic side chains were studied as potential
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photosensitizers for dye-sensitized photoelectrochemical cells (DS-PECs). The dyes were anchored on TiO,
electrodes and investigated using steady-state and femtosecond transient absorption spectroscopies. Optical
DOI: 10.1039/d6cp00604c studies revealed intramolecular charge transfer (ICT) as the dominant excitation pathway, with AD418 showing

single-state emission and BTD-DTP1/TTZ5 displaying dual ICT emission. On TiO,, ultrafast electron injection
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Introduction

Photoelectrochemical cell (PEC) technology has garnered sig-
nificant attention as a promising avenue for efficient solar
energy conversion, particularly for applications such as water
splitting and the generation of chemical fuels." PEC systems
integrate light absorption and catalytic electrochemical reac-
tions within a single device, enabling sunlight to be converted
into a flow of electrons that directly drives endothermic
chemical processes. By coupling photoactive materials with
electrochemical interfaces, PEC cells mimic natural photo-
synthesis to efficiently harness solar irradiation for sustainable
energy conversion, including the direct production of hydrogen
fuel.” The design of tandem PEC cells, utilizing complementary
photoactive materials in the photoanode and photocathode,
has demonstrated the capacity to operate under neutral pH
conditions with visible light, yielding advancements in effi-
ciency and stability.® Such systems can achieve notable light-to-
hydrogen conversion efficiencies, making them attractive for
renewable fuel production.
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(1-2 ps) leads to long-lived mono-cationic species, indicating effective charge separation.

In a PEC cell, semiconductor materials absorb sunlight to
generate electron-hole pairs, which then drive the required
redox reactions, such as water splitting into hydrogen and
oxygen. However, many semiconductors with good electro-
chemical properties (such as TiO,) have wide bandgaps and
are only active under ultraviolet light, which constitutes a small
portion of the solar spectrum. To address this limitation, dye-
sensitized photoelectrochemical cells (DS-PECs) have been
developed.®” In these configurations, organic or metal-organic
dyes that absorb visible light are anchored onto the surface of
wide-bandgap semiconductors. These dyes act as light harvest-
ers, capturing a broader range of the solar spectrum and
transferring the excited electrons to the conduction band of
the anodic semiconductor.® The electrons are then transferred
to the counter-electrode (cathode), where they will be used to
reduce water to hydrogen. Eventually, the process is completed
with the dye regeneration by a suitable electron donor which, in
the presence of an appropriate catalyst,” could be water itself
(thus giving rise to full water splitting).®

Suitable dyes for DS-PEC applications need to possess
certain unique characteristics, such as: (i) proper frontier
energy level alignment to guarantee electron transfer towards
the semiconductor, (ii) wide and intense light absorption in the
visible region, (iii) strong anchoring to the semiconductor and
(iv) adequate chemical and photochemical stability. There is a
vast library of compounds that can act as sensitizers, such as
ruthenium complexes, porphyrins bearing transition metals
and full organic dyes but, among those, the latter offer some
advantages, i.e., the potential to efficiently gather visible light
because of their high molar absorption coefficients and the
chance to avoid the usage of costly and/or toxic metals.
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In recent years, donor-n-acceptor (D-n-A) organic dyes have
emerged as a focal point of research in the development of DS-
PECs, driven by their potential to enhance light absorption,
improve charge separation, and boost overall cell efficiency. The
design of these organic sensitizers is primarily concerned with
optimizing their photophysical properties, such as molar absorp-
tion coefficients, spectral response, and charge transfer dynamics.’
Their development has seen significant advancements, essentially
driven by strategic molecular engineering.'*™">

Indeed, optimizing solar energy conversion requires precise
features at the molecular structure level, including the presence
of tailored functional groups, highly conjugated n-bridges and
appropriate donor-acceptor combinations. Extending n-
bridges, for example with dithiophene units, enhances light
harvesting and electron transfer by increasing donor-acceptor
separation and reducing charge recombination.’® Charge
separation is further governed by the strength and nature of
electron-donating groups and spacers, while strong acceptors,
like diketopyrrolopyrrole and benzothiadiazole, broaden
absorption and improve solar spectral overlap.’*™® The use of
anchoring groups alternative to carboxylic acids, such as pyr-
idine- or phosphonic acid-based moieties, also improves device
stability and photochemical performance.”** Collectively,
these molecular modifications have enabled state-of-the-art
DS-PEC water-splitting devices to achieve photocurrent densi-
ties of several hundred pA cm 2" with faradaic efficiencies
exceeding 80%, underscoring the effectiveness of rational dye
design.**

Emerging trends in dye design have also explored the stability
and operational conditions of organic compounds in relevant
environments. It has been demonstrated that the integration of
new linkers and moieties improves interfacial electron transfer
and the overall robustness of organic dyes under varied opera-
tional settings.>® Furthermore, more complex molecular config-
urations, such as donor-n-acceptor-acceptor (D-n-2A) systems,
have already been shown to facilitate effective electron transfer
to semiconductor substrates.*®*’
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Fig. 1 Chemical structures of AD418, BTD-DTP1, and TTZ5 dyes.
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Recent advances in the understanding of charge transfer
mechanisms have propelled PEC technology forward. Investiga-
tions into the dynamics of charge-separated states have highlighted
the critical role of electron transfer between the dye and the
semiconductor substrate.’®* Time-resolved laser spectroscopy pro-
vides a flexible and effective method for studying charge carrier
dynamics, with transient absorption (TA) being one of the most
powerful techniques for this kind of investigations.*

In the last few years, we synthesized three organic dyes
incorporating different heterocyclic units, namely AD418,>" BID-
DTP1,**> and TTZ5* (Fig. 1), that provided promising results as
photosensitizers for dye-sensitized solar cells (DSSC)**>* and dye-
sensitized photocatalytic systems for H, production (DSP).*' The
three dyes share some common characteristics: (i) the presence of
long hydrophobic side chains, that decrease the chance of dye
deactivation or desorption from the semiconductor by preventing
water from adhering to the TiO, surface, and suppress undesirable
dye aggregation; (ii) a terminal triphenyl amine group as donor unit;
(iii) a heterocyclic core based on N and S heteroatoms as spacer and
(iv) a CN group as additional acceptor moiety.

In this work, we sought to gain a deeper understanding of
the interfacial charge transfer processes involving the above-
mentioned dyes after adsorption onto nanocrystalline TiO,,
aiming to evaluate their effectiveness in acting as photosensi-
tizers for DS-PEC applications. Therefore, screen-printed TiO,
photoelectrodes sensitized with the three dyes were system-
atically characterized using steady-state optical spectroscopy
and femtosecond transient absorption measurements, to elu-
cidate the excited-state deactivation pathways and charge car-
rier dynamics that govern the photosensitization performance.

Results and discussion
Synthesis

Dyes AD418, BTD-DTP1 and TTZ5 were synthesized according
to the procedures reported in our previous works.?"*?3> The
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Fig. 2 Normalized UV-Vis absorption (red full lines), corrected emission (blue full lines, exc = 455 Nnm) and excitation (red dotted lines, ey = 700 Nm)
spectra of AD418 (a), BTD-DTP1 (b), and TTZ5 (c) in THF solution at r.t. Normalized excitation (red dashed lines) and emission (blue dashed lines) spectra

in CH,Cl,: MeOH (1:1) glassy mixture at 77 K.

Table 1 Main photophysical parameters of investigated dyes

Emission at r.t.¢

Emission at 77 K?

Absorption”
J,nm (5, M ' ecm™ ") A, nm® ¢ 7, ns’ A, nm° 7, ns’
AD418 485 (38 600) 653 0.469 2.5 574 2.5
BTD-DTP1 532 (64 300) 669 0.448 2.6 (80%) 626 1.9 (48%)
4.7 (20%) 3.9 (52%)
TTZ5 513 (94100) 652 0.115 0.9 (83%) 601 1.3 (78%)
2.9 (17%) 2.6 (22%)

“ In THF solution at room temperature. ” In CH,Cl, : CH;0H (1:1) glassy mixture at 77 K. ¢ From spectra corrected for the detector response.
4 With reference to [Ru(bpy);]Cl, in H,O (¢ = 0.042), Jeyxe = 460 NM. © Jeye = 465 Nm.

corresponding schemes and a brief description of the synthetic
routes are reported in the SI (Schemes S1-S3).

Photophysics

Absorption and emission spectroscopy. The absorption
spectra of the dyes AD418, BTD-DTP1, and TTZ5, recorded in
THF solution at room temperature (r.t.), are shown in Fig. 2,
and the main optical features are summarized in Table 1. All
compounds under investigation exhibit an intense absorption
band in the visible region, ranging from approximately 485 to
530 nm, with a bathochromic shift in the order AD418 < TTZ5
< BTD-DTP1 (Fig. 2 and Table 1). Based on the push-pull
structural design of the dyes and supported by literature data,
this band can be confidently attributed to an intramolecular
charge transfer (ICT) transition.*>**2%° The intensity of the
ICT band increases from 38 600 to 94100 M~ ' cm™ " in the order
AD418 < BTD-DTP1 < TTZ5 (Table 1), reflecting the increasing
length of the n-conjugated segment between the donor and the
acceptor (D-A) moieties. Conversely, the weaker high-energy
bands located in the UV region (ca. 300-350 nm) are likely
attributable to locally excited (LE) states, mainly involving the &
systems of the chromophores.

The emission spectra, obtained in THF at room temperature
and in a CH,Cl,:CH;O0H (1:1) glassy mixture at 77 K upon
excitation at 460 and 455 nm, respectively, are also reported in
Fig. 2, with the main photophysical parameters listed in
Table 1. The steady-state luminescence spectra exhibit emis-
sion maxima between 650 and 670 nm at r.t. The fluorescence

This journal is © the Owner Societies 2026

quantum yields of AD418 and BTD-DTP1 are relatively high (¢ =
0.45-0.47, Table 1), while TTZ5 is less emissive, with a lower
quantum yield of 0.12 (Table 1). The emission of AD418 is
characterized by a single-exponential decay with a lifetime of
2.5 ns (Table 1), whereas BTD-DTP1 and TTZ5 show double-
exponential decays. A plausible explanation is the presence of a
convoluted dual emission in BTD-DTP1 and TTZ5, arising from
two distinct ICT states, a phenomenon previously observed in
other push-pull conjugates.*®***> Further investigations were
conducted on a CH,Cl, solution of BTD-DTP1 to test this hypoth-
esis. Both absorption and emission spectra are red-shifted upon
changing the solvent from THF to CH,Cl, (Fig. S1). Notably, in
CH,Cl,, the high-energy absorption shoulder at ca. 450 nm dis-
appears and the emission profile broadens. An in-depth analysis
has been performed by acquiring excitation-emission maps for
BTD-DTP1 in the two solvents (Fig. S2): the shoulder at 450 nm in
the excitation spectrum is evident only in THF, and the emission
profile remains unchanged whatever the spanned excitation wave-
length. This indicates that the absorption profile in the 400-
600 nm region contains the contribution from two different excited
states, which are close in energy and spectrally convoluted. Indeed,
by applying a Gaussian deconvolution of the absorption profile in
both solvents, two components emerge, one at higher and one at
lower energy (Fig. S3). Both profiles broaden when moving from
THF to CH,Cl, and the one at lower energy undergoes a more
pronounced red-shift.

To clarify the nature of the corresponding states, the first 10
excited states of compound BTD-DTP1 were computed at the

Phys. Chem. Chem. Phys.
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TDDFT level in THF solvent. According to the simulated
absorption spectrum shown in Fig. S4 (see also Table S1 for
full details on the computed excited states), and in agreement
with the Gaussian deconvolution of Fig. S3, there are two
absorption maxima in the lowest-energy part of the spectrum,
found at 408 and 515 nm, corresponding to excitation energies
of 3.04 and 2.41 eV, respectively. The excited state at 2.41 eV
corresponds to the excitation of electrons occurring from
HOMO to LUMO (74% orbital contribution) and from
HOMO-1 to LUMO (15% orbital contribution) transitions.
The second excited state at 3.04 eV involves the following
orbital contributions: HOMO — LUMO+1 (49%) and HOMO—1
— LUMO (30%). Inspecting the electron density distributions
shown in Table S2, it is evident that the HOMOs are mainly
localized on the donor and central part of the molecules, with a
sizeable contribution from the conjugated carbon scaffolds,
while LUMOs feature a significant contribution from the
acceptor cyanoacrylic group. The computed electron density
distributions indicate the existence of a good degree of intra-
molecular charge transfer upon photoexcitation.

Table S3 compares the measured emission lifetimes and
their fractional intensities in the two solvents, revealing slight
differences in their values (from 2.6 to 2.0 ns and from 4.7 to
5.6 ns), along with an increase in the relative intensity of the
shorter component when moving from THF to CH,Cl,. More-
over, global analysis of the time-resolved spectra indicates that
both spectral profiles associated with the two lifetimes undergo a
significant red-shift when passing from THF to CH,Cl, (Fig. S5
and S6). These findings support the attribution of the two
lifetimes to two different ICT states. These two emissive states
thus decay independently and are energetically close in THF,
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resulting in dual luminescence detectable only through lifetime
analysis. The single-exponential decay observed for AD418 may
be due to weak or absent emission from one of the two states.
In the glassy rigid matrix at 77 K, a hypsochromic shift of the
emission of the dyes is observed (Fig. 2, dashed blue lines),
consistent with the CT nature of the excited states and due to
rigidochromic effects that hamper the reorganization of the
solvent. While in AD418 the emission profile is only shifted
without significant changes in the spectral shape, for BTD-
DTP1 and TTZ5 the low temperature also causes an increased
asymmetry of the profile. This can be explained by considering
that the two above-mentioned transitions have a slightly differ-
ent ICT character (see Table S2 and previous discussion) and
they can be differently affected by the temperature decrease.
Excitation spectra, recorded both at RT and at 77 K, show a
good match with the absorption features of the dyes (Fig. 2),
confirming the genuineness of the emission.
Spectroelectrochemistry. To identify the spectral features of
the cationic species of each dye - useful for analyzing fast
charge transfer events occurring at the dye/TiO, interface (vide
infra) - a spectroelectrochemical characterization was carried
out for the three dyes in CH,Cl, solution. UV-Vis-NIR absorp-
tion spectra were recorded under potentiostatic conditions at
increasing applied voltages. Cyclic voltammetry data for
AD418,*! BTD-DTP1,** and TTZ5,***® in CH,Cl, and CHCl,,
reported in the literature, show two oxidation peaks for each
compound. Accordingly, spectra were recorded under three
conditions: (i) at open-circuit potential (OCP), providing the
spectrum of the neutral species; (ii) at a potential between the
first and second oxidation peaks, representative of the radical
monocationic species; and (iii) at a potential higher than the
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Fig. 3 Comparison among: spectral distributions of pre-exponential amplitudes of calculated lifetimes from global fit analysis performed on TAS (lexc =
500 nm, E = 3 pJd per pulse) matrices of THF solutions (top) of the dyes (AD418 (a), BTD-DTP1 (b) and TTZ5 (c)), and of electrodes with the dye deposited

on a TiO, substrate (middle); UV-Vis-NIR absorption spectra (bottom) of the
obtained upon application of the specified potentials vs. Fc/Fc*.
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neutral and cationic species of the dyes in TBAPFg 0.1 M CH,Cl, solution
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second oxidation peak, corresponding to the dicationic species.
The collected spectra display two distinct sets of spectral
features for each dye, which can thus be attributed to the
mono- and di-cationic species (Fig. 3a-c, bottom). The mono-
cation of AD418 exhibits two visible absorption bands of
similar intensity at 602 and 737 nm, along with a broad near-
infrared band centered at 1295 nm (Fig. 3a, bottom). In con-
trast, the di-cation shows a more intense band at 740 nm
relatively to that at 605 nm. For BTD-DTP1, both cationic
species display a visible absorption band around 800 nm and
an additional band appearing above 1600 nm (Fig. 3b, bottom).
The main difference lies in the broader, double-peaked nature
of the 800 nm band in the mono-cation, which becomes
sharper and more intense in the di-cation. Finally, TTZ5 shows
similar visible bands for both cationic species, whereas in the
NIR region, only the di-cation exhibits a pronounced absorp-
tion band centered at 1300 nm (Fig. 3¢, bottom).

Transient absorption spectroscopy. Femtosecond transient
absorption spectroscopy (TAS) has been used to study the
excited state deactivation of the dyes, both in THF solution
and once anchored on TiO, photoelectrodes, in order to
characterize photoinduced processes and charge transfer
dynamics. Excitation has been performed at 500 nm, since it
corresponds to an isosbestic point among the two ICT con-
tributions in the absorption spectrum of the dyes (Fig. S3). The
temporal evolution of the TA spectra for the three samples in
THF solution (Fig. S7-S9) indicates the presence of different
processes. In the end-of-pulse spectra, all the three samples
show positive Vis-NIR absorption bands together with a con-
volution of negative bands with peaks around 500-520 nm and
620-700 nm. Due to the complexity of the transient matrices, a
global fit analysis has been applied (the derived spectral
distribution of the pre-exponential amplitudes is reported in
Fig. 3, top). The spectral profiles of the identified species show
some common features among the three dyes: (i) a short-lived
species (2-10 ps) displays positive absorption around 700 nm
and a stimulated emission band at ca. 600 nm (red spectra in
the figures); (ii) two other species with longer lifetimes are
characterized by ground-state (GS) bleaching features at 500-
520 nm, stimulated emission around 650-700 nm and positive
bands all-over the spectral range (blue and green spectra). It
can be noticed that for BTD-DTP1 and TTZ5 the longer lifetimes
match those measured with fluorescence analysis (Table 1) and
can be thus safely ascribed to the two ICT states previously
discussed. The short-lived species can be identified as the LE
state that forms upon excitation and then relaxes populating
the other two lower lying states. The stimulated emission of
this state is indeed blue-shifted with respect to that of the ICT
states, detected by steady-state measurements.** In the case of
AD418, together with a species living 2.4 ns, attributed to the
emissive ICT state, a second species with a lifetime of 276 ps is
detected (Fig. 3a, top). The latter can be ascribed to a relaxed
ICT state whose weak emission and/or short lifetime preclude
its detection by single photon counting analysis. Eventually, for
TTZ5 a fourth species with an “infinite” lifetime (longer than
the time scale of the experiment) is observed: it can be

This journal is © the Owner Societies 2026
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attributed to a formed triplet. Indeed, the latter compound
displays the lowest fluorescence quantum yield and the highest
non-radiative rate constant, suggesting that it could undergo
intersystem crossing to the triplet state.

The transient signals of the same dyes deposited on TiO, are
somehow simpler, with intense positive bands in the Vis-NIR
region and a ground-state bleaching band clearly visible only
for AD418 (Fig. S10-S12).** No stimulated emission is detected.
A global fit analysis has been performed also in this case and
the spectral distributions of the pre-exponential amplitudes is
reported in Fig. 3, middle. In all cases, three main species are
obtained by the fitting: one has a short lifetime of 1-2 ps (red
curves), while the other two are associated to lifetimes of ca. 200
ps and “infinite” (purple and orange curves, respectively). The
spectral profile of the short-lived component shows positive
bands that resemble those of the excited states detected in
solution: both LE and ICT features appear merged in this
spectrum, that can be ascribed to a locally excited state popu-
lated upon excitation. The packing of the dyes on the TiO,
surface and the absence of solvent relaxation dynamics in the
solid state can explain the observed features. The short lifetime
of this state can be attributed to electron injection into TiO,,
allowing to estimate a rate of 1-2 ps for the charge injection
process. Similar injection dynamics, in the order of few ps, have
been reported for organic dye-sensitized TiO, films explored in
the absence of an electrolyte.*®° Positive bands in the 600~
800 nm region of the LE spectrum can mask the presence of
stimulated emission. The other two species detected in the
solid state might account for cationic forms of the dyes
generated upon electron injection. Indeed, the spectra of
mono- and di-cationic species collected by spectroelectrochem-
ical experiments (Fig. 3, bottom) present somehow similar
features. The differences in the spectral features might arise
from the different environment experienced by the dyes on the
solid surface with respect to solution. Also, a contribution from
the absorption of injected electrons in the IR spectral region of
the transient spectra cannot be excluded.’’® One of the two
species (purple lines in Fig. 3, middle), corresponding to a
lifetime in the order of 200 ps, has features more similar to
those of the dye’s di-cation (particularly evident for TTZ5,
Fig. 3c), while the other one (orange lines), with an “infinite”
lifetime, shows a spectral distribution more related to the dye’s
mono-cation. The presence of di-cationic forms of the dyes can
be tentatively ascribed to further processes of oxidation follow-
ing electron injection. The shorter lifetime of the di-cationic
species would testify their higher reactivity and faster recombi-
nation rate. We cannot however exclude that both observed
species correspond to the dye’s radical mono-cation, recombin-
ing with electrons in the conduction band with different
kinetics. This can be related to different distributions and
inhomogeneity of electron-hole pairs in the TiO, film.*®>®
Overall, the presence of a long (“infinite”) lifetime for the
monocationic species is indicative of the existence of free
charges that will give origin to the photocurrent once these
photoelectrodes will be employed under working conditions.
These proof-of-concept data, obtained in dry films in air, thus
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confirm the potential of the three dyes to be employed as
photosensitizers in PEC cells.

Experimental
Materials and methods

Spectroscopic grade Uvasol® dichloromethane (CH,Cl,) from
Merck was treated with dry CaCO; before use, to eliminate
traces of acid. Spectroscopic grade Uvasol® tetrahydrofuran
(THF) from Merck was used without further purification.
[Ru(bpy);]Cl, was acquired from Carlo Erba and used without
further purification.

Synthetic procedures

Dyes AD418,>' BTD-DTP1,** and TTZ5>> were prepared accord-
ing to the previously reported synthetic procedures. The corres-
ponding Schemes are shown in the SI (Schemes S1-S3).

Photoelectrodes preparation procedures

10 x 10 cm® FTO-coated conducting glass sheets (TEC 8 Q sq ",
GreatCell Solar Materials) were cleaned in an ultrasonic bath
applying the following consecutive steps: (a) immersion in
water with a commercial detergent (15’), and rinsing with
demineralized water (3x); (b) immersion in demineralized
water (15’), and rinsing with acetone (3x); (c) immersion in
acetone (15’). The cleaned sheets were then immersed in
boiling iso-propanol for a very short time (approx. 10 s) and
dried under air.

A single layer of mesoporous TiO, was printed on an FTO
glass substrate by employing a commercially available nano-
crystalline TiO, paste (TiO, Paste 18NR-T, GreatCell Solar
Materials). The paste was mechanically stirred for 20" prior to
use, and then it was printed in 1.0 x 1.0 em” spots, using an
Aurel C920 semi-automatic screen printer. After printing, the
plates were put in a chamber filled with EtOH fumes for 30” to
let the paste relax, and were then dried at 120 °C for 30 min.
The TiO, films were then sintered following a pre-programmed
ramp: 15’ at 350 °C, 30’ at 375 °C, 1 h at 450 °C, and 1 h at
500 °C. The active area of the resulting mesoporous semi-
transparent TiO, films was 1.0 cm® and the plates were cut
into 2.5 x 2.5 cm? slides. The thickness of the films, measured
with a profilometer, was in the order of 5-6 um.

The sensitization of the films was then carried out by their
immersion into 0.1 mM solutions of the dyes in THF for one
night, at room temperature. The photoelectrodes were removed
from the sensitizing bath, rinsed with THF and dried under air
prior to characterization.

Photophysical characterization

Absorption spectra of solutions were recorded with PerkinEl-
mer Lambda 650 UV-Vis or Lambda 950 UV-Vis-NIR spectro-
photometers in 1 cm or 2 mm quartz cuvettes. The molar
absorption coefficients (¢) were calculated by applying the
Lambert-Beer law to low absorbance spectra (A < 1) recorded
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at successive dilutions. Estimated errors are +1 nm on absorp-
tion maxima and <3% for the molar absorption coefficients.

Emission spectra were recorded with an Edinburgh FLS920
spectrofluorometer, equipped with a Peltier-cooled Hamamatsu
R928 PMT (280-850 nm). Fluorescence quantum yields (¢q) were
evaluated with the comparative method developed by Demas and
Crosby,” upon correction of the spectra for the wavelength-
dependent monochromator/photomultiplier assembly response. As
reference, [Ru(bpy);]CL, in air-equilibrated distilled water (¢g =
0.042)°® was used. Measurements at 77K were performed using
Spectrasil® quartz EPR tubes dipped in liquid nitrogen in a quartz
Dewar. Excitation spectra were corrected for the wavelength-
dependent lamp intensity. Estimated errors are £1 nm for the
emission maxima and 10% for the quantum yields.

Emission lifetimes in the nanosecond range were deter-
mined by using a time-correlated single-photon counting
(TCSPC) system consisting of a PicoQuant FluoTime 250 com-
pact lifetime fluorometer, a PicoHarp 330 event timer and
TCSPC unit, a PMA 192 detector (230-920 nm) and picosecond
pulsed laser diode LEDs (LDH-I series) driven by the Taiko PDL
M1 picosecond pulsed driver. The analysis of luminescence
decay profiles against time was accomplished using the Easy-
Tau 2 data analysis software (PicoQuant). The estimated error
on luminescence lifetimes is 10%. Decay associated spectra
(DAS) were obtained by global analysis of the kinetic data by
using the global fitting module of the EasyTau 2 software. The
wavelength dependences of the amplitudes of the individual
kinetic components were plotted as decay associated spectra.

Pump-probe transient absorption measurements were per-
formed in transmission mode for both solutions and solid-state
samples with an Ultrafast Systems HELIOS (HE-VIS-NIR) femtose-
cond transient absorption spectrometer by using, as excitation
source, a Newport Spectra Physics Solstice-F-1K-230 V laser system,
combined with a TOPAS Prime (TPR-TOPAS-F) optical parametric
amplifier (pulse width: 100 fs, 1 kHz repetition rate) tuned at
500 nm. Two sapphire crystals for continuum generation in the
visible range (450-800 nm) and in the NIR (800-1600 nm) have
been employed. The overall time resolution of the system is 300 fs.
Air-equilibrated solutions in 0.2 cm optical path cells were ana-
lyzed under continuous stirring. Measurements on the electrodes
were carried out in air by placing the electrodes in the sample
holder and directing the pump and probe onto the dye-sensitized
surface. Monomolecular layers of the organic compound (thick-
ness in the order of a few nm) distributed on the mesoporous TiO,
surface (thickness in the order of 5-6 pum), can be considered
responsible for light absorption. Careful alignment allowed the
maximization of pump and probe overlap on the film surface. The
pump energy on the sample was 3 J per pulse. The diameter of
the pump beam is ca. 1 mm, while that of the probe beam is ca.
0.5 mm. Surface Xplorer V4 software from Ultrafast Systems was
used for data acquisition and analysis. The 3D data surfaces were
corrected for the chirp of the probe pulse prior to analysis. Global
analysis has been performed with the same software on the data
surfaces, by fixing principal components via single value decom-
position and by deriving the spectral distributions of the pre-
exponential coefficients of the calculated lifetimes.
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Spectroelectrochemical characterization

Spectroelectrochemical measurements were performed on 3 +4
x 107> M CH,Cl, solutions of the dyes. The in situ UV-Vis-NIR
spectroelectrochemical measurements were carried out with a
Metrohm Autolab PGSTAT204 or PGSTAT302N potentiostat/
galvanostat and a PerkinElmer Lambda 950 spectrophotometer
in a thin layer quartz spectroelectrochemical cell (ALS, model
SEC-C). A platinum gauze was used as the working electrode, a
platinum wire was the counter electrode, while the reference
electrode was made by Ag/Ag" (AgNO; 0.01 M) in acetonitrile
(ALS, model RE-7). Tetrabutylammonium hexafluophosphate
(TBAPF) 0.1 M in CH,Cl, was used as the electrolyte. The
spectroelectrochemical tests were carried out at room
temperature.

Computational details

The absorption maxima (Ana ), vertical excitation energies
(Eexc) and oscillator strengths (f) in THF solution were calcu-
lated on the minimum structure of BTD-DTP1 previously
reported,®® via time-dependent DFT (TD-DFT) at the CAM-
B3LYP*>°/6-311G(d,p) level of theory, using the Gaussian 16,
Revision C.01 suite of programs.®® Solvent effects have been
included by using the polarizable continuum model (PCM).*"

Conclusions

Absorption and emission spectroscopy of the dyes AD418, BTD-
DTP1, and TTZ5 reveals that their photophysical behaviour is
governed by intramolecular charge transfer (ICT) transitions.
Emission studies indicate that AD418 emits from a single ICT
state, with a high fluorescence quantum yield and mono-
exponential decay. In contrast, BTD-DTP1 and TTZ5 display
dual-emission behaviour, originating from two different ICT
states. Low-temperature measurements further support the
presence of distinct emissive states. Overall, the results demon-
strate that both dye structure and environmental factors signifi-
cantly influence the balance between the two ICT emissions -
an essential aspect for optimizing their photophysical perfor-
mance in applications such as solar energy conversion.

Femtosecond transient absorption spectroscopy (TAS)
reveals distinct excited-state dynamics for the three dyes, both
in THF solution and when anchored on TiO, photoelectrodes.
In solution, all dyes exhibit a short-lived LE state that relaxes
into longer-lived ICT states. On TiO,, rapid (1-2 ps) electron
injection occurs from a locally excited state, followed by the
formation of cationic dye species. Long (“infinite”) lifetimes
are observed, indicating efficient charge separation and the
potential for sustained photocurrent generation.
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