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Heteroleptic Fe()—NHC sensitizers NS158, NS271 and NS252 bearing fused thiophenes and carboxylic or
thienylcyanoacrylic anchoring moieties were designed to enhance light harvesting via HOMO inversion in
DSSCs. The complexes were comprehensively characterized in solution and when immobilized on TiO,
photoanodes using electrochemical measurements, transient absorption spectroscopy, and ab initio cal-
culations. All tested DSSC samples from these sensitizers exhibited a power conversion efficiency of at
least 1% on 18 pm photoanodes. The NS252 sensitizer combining a thienylcyanoacrylic anchor and a
fused dithienyl moiety, showed the broadest absorption up to 750 nm but the lowest IPCE (25%) with
1.07% PCE and a photocurrent of 4.8 mA cm™2. NS158 and NS271 bearing respectively a dithienyl and
terthienyl fused moiety associated to a carboxylic anchor delivered respectively 1.32% and 0.93% PCE and
5.75 and 4.67 mA cm™2 photocurrents. The best efficiency (1.5%) and photocurrent (6.46 mA cm™2) were
obtained with ARM15, fitted with a single thiophene. The increased conjugation, while enhancing the
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panchromaticity, reduced dramatically the excited-state directionality, localizing charge away from the
anchoring units leading to a lowered coupling for injection into TiO,. This work highlights the delicate
balance to be found between light-harvesting ability, excited-state lifetime, and interfacial charge-transfer
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Introduction

Replacing noble and rare metals in photoactive materials, core
components of solar energy conversion or photocatalysis
technologies, is currently an extremely active area of research.'™
In this context, iron, the most abundant metal in the earth’s
crust, has emerged as a promising candidate to replace the
ruthenium gold standard.>”® However, Fe(n) complexes suffer
from short-lived metal to ligand charge transfer (MLCT) states
due to ultrafast relaxation to metal centred (MC) states, followed
by rapid ground-state recovery thus precluding their successful
use in photochemical applications requiring long-lived MLCT
states. Thanks to ligands based on c-donating N-heterocyclic
carbene (NHC) units, the MLCT lifetime of iron complexes has
been extended up to tens of picoseconds for complexes incor-
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efficiency in the design of Fe(i)-based DSSC sensitizers.

porating C*N~C*! and C*N ligands.">™** This has opened the
possibility for a series of heteroleptic iron(un) complexes to be
effectively used in photochemical applications, such as iron-
sensitized solar cells (FeSSCs).">> However, this improvement
in lifetime has come at the expense of the panchromatic absorp-
tion, that is required for solar energy conversion applications.
Recently, the “HOMO inversion” concept has emerged in this
field.”** The strategy involves the exploitation of specifically
designed ligands having highly © conjugated character, to
promote a balanced mixing between metal and ligand mole-
cular orbitals, ideally shifting the HOMO localization from
being predominantly metal-based to primarily ligand-based.
The use of extended aromatic ligands capable of inducing such
delocalized nature of the HOMO has been also predicted to
improve light harvesting capabilities, by giving rise to a quite
broadened and extended absorption in the visible.**

Recently, our group designed a series of Fe(u) homoleptic
complexes bearing pyridyINHC ligands extended with fused
thiophenes of variable number.?® In agreement with theore-
tical projections by the Jakubikova group, these ligands pro-
moted a significant mixture of occupied t,, and ligand = occu-
pied orbitals. This was evidenced by a 80 nm red-shift of the
'MLCT transition, a 2-3-fold increase of the molar extinction
coefficient and a doubled MLCT lifetimes (up to 18 ps) com-

This journal is © The Royal Society of Chemistry 2025
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pared with a complex deprived of the thiophene moieties.>® To
our knowledge, the impact of such promising ancillary ligands
in heteroleptic complexes on the photovoltaic properties of the
corresponding device has not been investigated yet. To this
purpose, here, we present a series of newly prepared iron(u)
complexes bearing fused thiophene units (see Fig. 1 and
Fig. S1) and their evaluation as sensitizers in FeSSCs. The
photophysical, electrochemical and photovoltaic properties of
the new complexes have been investigated in detail. The best
efficiency of 1.5% was, however, obtained with ARM15, which
features a single thiophene unit. While further extending the
n-system with additional fused thiophene moieties signifi-
cantly enhanced the panchromatic absorption, it proved detri-
mental to excited-state directionality, thereby reducing the
effective charge transfer to the anchoring ligand and thus the
electron injection capabilities.

Results and discussion
Synthesis of ligands and complexes

ARM15 was prepared from ref. 20. The synthesis of the target
complexes first required the pyridylimidazolium salts HL1,>°
HL2,”® HL3* and HI4>' as precursors of the pyridyl-NHC
ligands to be coordinated to iron (Scheme 1). With the precursors
in hand, heteroleptic complexes were prepared by combining the
appropriate preligands using a statistical methodology consisting
of reacting FeCl, with an equimolar mixture of preligands, ending
with the addition of #BuOK or KHMDS as a base to generate the
NHC and then coordinate it in situ."® KHMDS was found to be
more efficient than #BuOK in case of NS252. The complexes were
further cleanly separated by column chromatography from a
mixture containing both the homoleptic complexes coming from
each ligand concomitantly formed during the process.

Spectroscopic properties of complexes

The UV-Vis spectra recorded in acetonitrile are shown in Fig. 2
and the corresponding absorption maxima gathered in Table 1.

Comparing ARM15, NS158 and NS271, clearly showed a
slight bathochromic effect on both the n-n* and the lowest
MLCT band with a red-shift of about 0.1 eV going from ARM15
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Fig. 2 UV-VIS spectra of the complexes in acetonitrile.

Table 1 Experimental absorption maxima (in CHsCN and on TiO,) and
calculated vertical excitation energies of the complexes (in CHzCN).
Light harvesting efficiency at 1. on TiO; is also reported. See Sl for the
excited states characterization

Experiments Theory

Amax (nM)-CH3CN Amax (NM)-TiO, Amax (NM)
Dye (e10* M em™)) (LHE%) CH,;CN
ARM15 501 (2.52) 505 (99.6) 458
NS158 513 (2.65) 515 (99.9) 464
NS271 526 (1.85) 525 (99.9) 476
NS252 532 (2.12) 540 (99.9) 520

to NS271 directly related to the number of thiophene units.
The introduction of ThCA (thienocyanoacrylic) in NS252
expectedly promoted an additional 0.1 eV red shifted (peaking
at 532 nm) and a broader absorption compared with NS158
bearing the carboxylic moiety.

The TD-DFT simulated UV-Vis spectra of all complexes are
reported in Fig. 3 and a resume of the low-lying excited states
properties is provided in Table S1.

Dalton Trans., 2025, 54,17662-17673 | 17663
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Fig. 3 Simulated absorption spectra of the heteroleptic dyes computed
in acetonitrile. A HWHM of 0.20 eV was employed for the gaussian con-
volution of the vertical excitation energies, reported as vertical sticks.

The spectrum of ARM15 (Fig. 3) shows a prominent absorp-
tion maximum at 458 nm (Table 1), only slightly blue-shifted
with respect to the experimental value (501 nm). This band
arises from a group of low-lying electronic excitations with
dominant MLCT character. The first bright excited state 'S, at
468 nm, (f= 0.3862) corresponds to a HOMO—2 — LUMO tran-
sition, with the %ole primarily localized on the Fe(u) center and
the electron density distributed over the anchoring arm -
mainly the pyridine and the COOH moieties (see Fig. S2 and
NTOs in Fig. S3) - confirming its MLCT nature. The second
lower-intensity transition 'Sg (436 nm, f= 0.2144) also exhibits
MLCT character, though in this case the zole is more localized
on the anchoring moiety bearing the carboxylic acid group,
while the electron density shifts toward the pyridine and
-COOH, with a significant contribution on the thiophene-sub-
stituted ligand arm. For the transition 'S, at 388 nm (HOMO
— LUMO+3, f= 0.2101), the hole remains on the Fe center but
with increased contribution from the adjacent NHC ligand
backbone and the pyridine linker. The electron density is more
delocalized on both the NHC-pyridine ligands.

In the case of NS158, TD-DFT calculations predict an
absorption maximum at 464 nm, closely matching the experi-
mental value (513 nm, Fig. 3). This band is composed of two
low-energy electronic excitations. The most intense is 'S,
(472 nm, f = 0.5522), which originates from a HOMO-2 —
LUMO transition. NTOs analysis indicate a dominant MLCT
character, with the #-e pair localized on the same side of the
molecule - specifically on the ligand bearing the anchoring
group. The second relevant transition 'S¢ (445 nm, f= 0.2233)
is mainly assigned to a HOMO-1 — LUMO+1 excitation. Here,
the primary s-e pair (62%) is localized on the ligand contain-
ing the fused thiophene rings, while a minor contribution
(28%) involved a more delocalized charge distribution span-
ning both ligands. The electronic excitation leading to the S,
at 389 nm is moderately bright, f=0.2230, and see the hole pri-
marily localized on the Fe center and, to a lesser extent, on
both the core of the NHC-type ligands, while the electron
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involves the pyridine group of the anchoring arm. A more
concise analysis is also given in SI (Fig. S4 and S5). The
increased electronic conjugation in NS271 lowers the absorp-
tion maximum at 476 nm, with a computed 0.1 eV red shift
with respect to ARM15, in agreement with the measured bath-
ochromic shift. The most intense contribution corresponds to
the 'S, at 479 nm (f = 0.9723) arising from a combination of
HOMO-2 — LUMO (46%) and HOMO—1 — LUMO+1 (48%)
transitions. NTO analysis reveals the involvement of two domi-
nant f-e pairs one associated with charge transfer toward the
NHC-pyridine ligand bearing the anchoring group, and the
other directing the electron toward the fused-thiophene
moiety. The second transition 'S (453 nm, f= 0.1339), is less
intense but still exhibits predominant MLCT nature. In this
case, an increased ligand-centred (LC) and ILCT component is
observed, indicating partial delocalization over the extended
thiophene moiety, as also supported by the NTO analysis in
Fig. S6 and S7 in SI The 'Sy, excited state (397 nm, f = 0.4660)
displays a significantly delocalized character. The excitation
arises from a hole that is distributed across multiple frag-
ments: while the Fe centre still contributes appreciably, the
largest portion of the hole density is found on the extended
n-system of the substituted ligand, specifically on the fused
thiophene unit. The electron, on the other hand, is primarily
localized on the pyridine fragment and on the fused thio-
phene, with a minor but notable contribution from the lateral
NHC units. These h-e distributions suggest a pronounced
ligand-centred nature in addition to the MLCT contribution
that characterized this excited state. The NS252 complex is
structurally analogous to NS158, but features a functionalized
anchoring arm, bearing the ThCA group. This modification
extends the zm-conjugation and increases the charge-transfer
nature of the low-lying excited states, see Fig. S8. To alleviate
the underestimation of the excitation energies due to the
higher degree of CT, for this complex, we employed the B3LYP
functional, incorporating an higher fraction (20%) of Hartree—
Fock exchange, in place of the B3LYP* variance (15%).'® The
simulated optical spectrum shows a pronounced redshift of
the first absorption band (520 nm) compared to the previous
cases, once again in good agreement with the experimental
value at 532 nm. The low-energy region of the spectrum is
dominated by a single bright transition 'S; (522 nm, f =
0.7195), corresponding to a purely HOMO—2 — LUMO exci-
tation, as shown in Fig. S9. This state shows a MLCT nature,
with both the hole and electron densities localized on the same
ligand arm, specifically the one functionalized with the ThCA
anchoring group (see Fig. S9).

The electronic transition 'Sg (at 427 nm, f = 0.5057), dis-
plays an overall MLCT character like 'S;, but involves two h-e
pairs. For the dominant configuration (80%), the density is pri-
marily localized on the ligand bearing the two thiophene
rings, whereas the minor component involves both pyridyl-
NHC ligands around the metal centre.

The 'S;; excited state at 377 nm shows a strong oscillator
strength, 0.5507, and involves multiples orbital transitions, see
Table S1 in SI. In the dominant pair (69%), the hole density is

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5dt02301g

Published on 11 November 2025. Downloaded on 4/12/2026 3:14:28 AM.

Dalton Transactions

mainly localized on the ThCA arm and the thiophene ring,
with additional contribution from the two fused thiophene
rings opposite to the anchoring site, while the electron density
is entirely localized on ThCA. The second pair (15%) intro-
duces partial ILCT character, as the 4-e density is redistributed
between the two orthogonal ligands: the one near the anchor-
ing site and the one bearing the two fused thiophene rings.

As a complementary analysis, we also performed a frag-
ment-based population study (Table S2) on the lowest bright
singlet states. The definition of the fragments is provided in
Fig. S10. This approach provides a quantitative description of
how the hole and electron densities are partitioned among the
different molecular fragments (i.e., the anchoring group and
the n-extended units), thereby offering a more detailed picture
of the nature of the electronic excitations. Such a decompo-
sition not only corroborates the spectroscopic assignments
obtained from orbital analysis but also clarifies the extent to
which charge redistribution occurs upon excitation.

Spectroscopic and electrochemical properties of FeNHC-
sensitized photoanodes

To gain information about the spectroscopic features of the
new complex series on TiO,, 12 um thick dye-sensitized elec-
trodes have been prepared. Their relative absorption spectra
are depicted in Fig. 4 and Anax values reported in Table 1.

The chemisorbed dyes exhibited an intense symmetric CT
band, covering the 425-600 nm region. NS252 exhibits the
broadest and most red-shifted band extended up to 700 nm, in
agreement with its spectrum in solution. The relatively narrow
CT bands exhibited by the entire Fe(u)-NHC family ensure
efficient absorption of incident photons at the A (from
99.6% to 99.9%), although this absorption rapidly falls off in
the lower energy region of the visible spectrum. To improve
light harvesting capability, we increased the TiO, thickness to
18 um and applied a top scattering layer composed of particles
larger than 100 nm. With this electrode configuration, the
absorption profiles became broader and more intense, saturat-
ing the photometric response of our apparatus (Fig. 4b).
Notably, the spectral response was sizably extended to 650 nm
for the dye bearing a single thiophene unit (ARM15), and up
to 750 nm for the complex with two fused organic molecules
and the ThCA anchoring group (NS252). Since NS252 exhibits
a “valley” at 500 nm, we designed two different co-sensitization
strategies to achieve panchromatic absorption and cover both
the high (450-550 nm) and low energy (550-650 nm) regions.
In the first attempt, NS252 was combined with ARM15, and in
the second with NS158. Fig. 4b clearly supports the presence
of these components chemisorbed at the TiO, surface, with a
sharp maximum around 500 nm consistent with the finger-
print of -COOH-based dyes, followed by a lower energy
shoulder attributable to the ThCA-bearing Fe(u)NHC complex.

The FTIR-ATR spectra of the sensitized TiO, (Fig. S12)
clearly confirm the interaction of the complexes with the TiO,.
The spectra exhibit broad bands at 1624 cm ™" assigned to the
asymmetric stretching vibration of the carboxylate groups, con-
firming the attachment of the sensitizers to the semiconductor

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Absorption of the complexes on (a) 12 pm and (b) 18 pm TiO,
electrodes. Spectra recorded against an identical undyed TiO, electrode
as reference.

surface mostly via coordination of the COO™ group to Ti(wv)
centres. The COO™ coordinated to the Ti(wv) sites also results
in a band at 1346 cm™*."?

Cyclic voltammetry was then performed on the sensitized
TiO, or ZrO, thin films in contact with 0.1 M LiClO,/aceto-
nitrile solution (Fig. 5 and Table 2). ZrO, is known as a
porous, electrochemically inert support that can be used to
explore the energetics of dyes’ reduction®®*° that is precluded
on TiO, due to interception of the CB states. In both cases the
oxidative response is mediated by the fraction of complexes
electronically coupled with FTO, triggering a cascade of elec-
tron transfer events via surface hopping involving adjacent
redox centres. This makes the observation of a clear electro-
chemical response feasible even at potentials where both these
n-type semiconductors exhibit an insulating behaviour.

The Fe(u)/Fe(m) redox process of the dyes grafted on TiO, is,
in the whole series, quasi-reversible (AE ~ 80 mV), centred at
ca. 0.62/0.61 V vs. SCE. Notably, this faradaic process remains
unaffected by the increased m-conjugation resulting from the
progressive fusion of thiophene unites (Fig. 5a). Analogously,
all complexes exhibit similar reversible oxidation behaviour

Dalton Trans., 2025, 54,17662-17673 | 17665
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Fig. 5 Cyclic voltammetry recorded for the complexes on (a) TiO, and
on (b) ZrO; (full scan) in 0.1 M LiClO4/ACN solution.

when anchored on ZrO,. On the cathodic side (Fig. 5b), an irre-
versible multi-electronic reduction wave is observed for the
whole series. The LUMO is progressively stabilized from
ARM15 (-1.49 V wvs. SCE) to NS271 (-1.46 V wvs. SCE).
Consistent with our previous findings, the functionalization
with the ThCA anchoring moieties in NS252 results in a broad-
ened reduction process, indicative of a distribution of redox
sites introduced by the cyano-acrylic group, with a first peak at
—0.83 V vs. SCE, which is absent in the -COOH-based dyes.

View Article Online
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The red shifted MLCT bands observed going from ARM15 to
NS252 agree with the decreasing electrochemical gap (Table 2)
and the calculated HOMO-LUMO gap, as shown in Fig. S10.
Thus, the stabilization of the LUMOSs, which are primarily loca-
lized on the m*-ligands orbitals, is responsible for a significant
red shift in the spectra response of NS158, NS271 and NS252
compared to ARM15. Such stabilization is also expected to
influence the t,, metal orbitals (Fig. S13a), leading to a conco-
mitant stabilization of the HOMOs.

However, the entire iron series displayed nearly identical
oxidation potentials (Table 2) nicely correlating with the extre-
mely close Khon-Sham eigenvalues calculated for the HOMOs
(Fig. S11), suggesting a concurrent destabilization of the filled
n-orbitals of the ligands, which counteracts the expected
anodic shift of the Fe(u)/Fe(ur) oxidation (Fig. S13b) with
increased m donation by the ligand orbitals. As a matter of fact,
the calculated percentage of Mulliken population localized on
the HOMOs is almost constant within the series and amount
to about 60% (Fig. S11). A schematic representation of the
energetic of the HOMO and LUMO levels is depicted in Fig. 6.

Since as expected,’ the iron(u) complexes were not emissive
in solution nor loaded on the semiconductor, the zero-zero
excitation energy E°° was estimated from the onset of the
absorption spectra at ca. 5% of the maximum absorption. E°°
decreased significantly following the order ARM15 (2.07 eV) >
NS158 (2.03 eV) > NS271 (1.97 eV) > NS252 (1.81 eV). These

Tio, DOS .20

—ARM15
— NS 158
—NS271
——NS252

I 0.0

Fig. 6 Representation of the frontier interfacial energy levels of the Fe
(1) sensitizers obtained from the electrochemical study.

Table 2 Electrochemical and spectroscopic parameters for the Fe()NHC sensitized TiO, and ZrO,

Ex (TiOy) Eox (Zr0,) E(pealyred (Z102) E, . °(TiO,)
Dye (V vs. SCE) (V vs. SCE) (V vs. SCE) AEredoy” (ZrO,) (eV) E°° b (TiO,) (eV) (V vs. SCE)
ARM15 0.62 0.64 -1.49 2.13 2.07 —-1.45
NS158 0.62 0.63 —1.48 2.11 2.03 -1.41
NS271 0.61 0.63 —1.46 2.09 1.97 —-1.36
NS252 0.61 0.64 —-0.83 1.834 1.81 -1.20
—-1.54

“ Calculated according to: |Eey(ZrO,)| + |Erea(Zr0,)|. * The E?;ioz)

energy was estimated from the onset of the absorption spectrum, by taking the

5% absorbance relative to the MLCT maximum on TiO,. ¢ Calculated according to: Eoy(TiO2) — Expg i, - ?Due to the broad reduction wave, an

average potential value of —1.19 ((—0.83-1.54)/2) was considered.*"

17666 | Dalton Trans., 2025, 54,17662-17673
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estimated values agree with the electrochemical gaps. The
excited state oxidation potential E} (E,, = Eox — E°°) logically
decreased going from ARM15 to NS252 where the lowest value
was obtained (—1.2 eV).

The driving force of injection in the TiO, semiconductor
can be calculated according to AGiy = —e(|E,,|—|Eps|) where
Erp represents the flat band potential of the TiO, accepted to
lay at ca. —0.7 V vs. SCE in an organic medium in the presence
of intercalating lithium cations.>" AGiy,; values were found in
the 500-750 meV range securing an exergonic injection
process in the TiO, semiconductor. The ground state oxidation
potentials are also in favour of an exergonic regeneration
process (at least 200 mV) of the Fe(u) species by the iodide/
triiodide-based electrolyte.

Transient absorption spectroscopy

Regeneration and recombination dynamics on TiO, were inves-
tigated by means of transient absorption spectroscopy (TAS) in
the ps-ms timescale for the entire series. The difference
spectra evaluated for the Fe(u)-NHC family in contact with 0.1
M LiClO,/acetonitrile solution exhibited common features in
the whole series (Fig. S14). The 532 nm excitation resulted in
an intense ground state bleach centred around 500 nm,
formed within the instrumental response of our spectrometer
(FWHM = 100 ns, R = 350 Q). This fingerprint closely mirrors
the MLCT manifold once the small bathochromic shift of the
ground state, accounting for the intercalation of small cations
such as Li* and Mg>", is considered.’® In accordance with its
ground state absorption spectrum, NS252 displayed the broad-
est and most extended bleaching across the series (Fig. S14d).
The TA spectra also revealed a high-energy absorption around
430 nm and a low-energy flat absorption above 650 nm, both
attributable to LMCT transitions. At lower energies (4 >
750 nm), electrons trapped in TiO, further contribute to this
featureless absorption band. The TA spectra of the co-sensi-
tized systems (ARM15 + NS252 and NS158 + NS252) revealed
contributions from both sensitizers, confirming the ability of
each component of cocktail to inject independently from the
other: in particular, the intense 500 nm bleach of ARM15 and
NS158 is followed by the red shifted fingerprint of NS252
(Fig. S14e and S14f).

Since only ~50% of the decay was recovered within the
explored time window, recombination dynamics were further
analysed by monitoring the 500 (for ARM15, NS158 and
NS271) or 550 nm (NS252) kinetics extending the timescale to
500 ms (Fig. 7). The excitation power was reduced to 400 pJ per
cm? per pulse to prevent the generation of excess electron-
hole pairs, which would artificially accelerate recombination
events. To optimize the signal-to-noise ratio (S/N), oscillo-
graphic traces were pre-amplified using input impedances of
either 10 kQ or 1 MQ. The recovery of the photoinduced
bleach of dyed TiO, in contact with a I"/I;~ free electrolyte (0.1
M LiOTf, 0.6 M PMIOT{, 0.1 M GuNCS, 0.1 M TBAPFg, 0.1 M
Mg(OTf),) is shown in Fig. 7a. The recombination kinetics
were fitted using a combination of a power law function (eqn
(1a)), describing fast bimolecular electron-hole recombination

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Recombination dynamics of the Fe(i)-complexes supported
on TiO; in contact with an electrolyte deprived of the I7/lI3~ redox
couple (0.1 M LiOTf, 0.6 M PMIOTf, 0.1 M GuNCS, 0.1 M TBAPF¢, 0.1 M
MgOTf). The decays were recorded at 500 nm except for NS252 that
was evaluated at 550 nm. The excitation energy was 400 pJ per cm? per
pulse. The kinetics were obtained by joining traces recorded with 10 kQ
and 1 MQ. (b) Regeneration dynamics of the electrodes reported in (a) in
contact with the reduced form of the electrolyte (I7). Input impedance:
10 kQ.

that accounts for ca. 60% of the initial amplitude recovery at
early times (¢ < 2 ms), and a stretched exponential (Kohlraush—
Williams-Watts (KWW)) function for ¢ > 2 ms (eqn (1b)). The
latter models the intrinsic heterogeneity of the nanocrystalline
of the surface, which gives rise to a distribution of rate con-
stants due to electron trapping/detrapping in localized states
close to the conduction band edge of the semiconductor.

AAt<2 ms = A+ bt~¢ (13)

Ay
AA,;>2 ms — A+ b'e(?’) (1b)

p in eqn (1b) is the exponential stretching parameter, set to
0.25 for all decays.** Weighted lifetimes were computed from
7 according to:

a=3()

where I is the gamma function.®® The (7) values for the entire
series fall within the ms range (Table 3), spanning from 3.2 for
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NS158 to 14.3 ms for NS271. The longer lifetime of NS271 is
probably consistent with less efficient electron injection which
yields to a lower concentration of electron/hole pairs.

For the co-sensitized systems (ARM15 + NS252 and NS158 +
NS252), recombination kinetics were probed at both 500 and
550 nm (Fig. S15). At higher energies, the dominant spectral
contributions arise from ARM15 and NS158, while at longer
wavelengths NS252 prevails. The shorter (z) values obtained at
500 nm for ARM15 and NS158 compared to their individual
lifetimes suggests the possibility of partial hole transfer from
ARM15 and NS158 to that fraction of NS252 which remained
at the reduced state, being unable to inject (Table S3). This is
consistent with the slightly cathodic oxidation potential of the
latter and with injection quantum yields that are <1. Under no
circumstances are the small differences in recombination life-
time detrimental to DSSCs operation. Indeed, upon introdu-
cing iodide into the electrolyte (without I,), the Fe(ur) bleach
recovery for the entire Fe(u)-NHC series is largely confined
within the instrumental response of our spectrophotometer
(10 kQ input impedance) (Fig. 7b and S16). This indicates
nearly quantitative regeneration efficiency (i), expressed by

eqn (3):

= ®)

]’I = ———
e kreg + Krec

where ko is the pseudo first order rate constant associated
with the regeneration of the Fe(u) species by the reduced form
of the redox mediator on the order of 10° s™*, and the k.. rep-
resents the recombination rate constant on the order of 10°
s™'. Since ki, is at least three orders of magnitude larger than
krec, Nreg & 1 can be safely concluded.

Photovoltaic properties

The photovoltaic properties of this new Fe(u)-NHC series were
investigated by means of photoaction spectra and photo-
current densities/voltage (JV) measurements (Fig. 8).

The studies were performed in the presence of our additive-
rich electrolyte in which the I"/I;~ mixture contains intercalat-
ing cations such as Li* and Mg”*, which contribute to down-
shift the TiO, Fermi level and enhance excited state direction-
ality though the generation of a favourable surface dipole that
promotes higher electronic coupling and improves charge
injection."®?" In addition, GUNCS was introduced to partially
shield the titania surface from recombination of photoinjected
electrons with I;”. However, as it is not capable of shifting the
Fermi Level, only a modest improvement in V,,. was observed.

Table 3 Recombination lifetime for the Fe(1)~NHC complexes obtained
from eqn (1a), (1b) and (2)

Dye 7o/ (r)/ms
ARM15 2.88x107* 6.9
NS158 1.35x107* 3.2
NS271 5.97 x 107* 14.3
NS252 2.71x107* 6.5
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Fig. 8 (a) IPCE spectra for the Fe(i)-based complexes and integrated
photocurrent from the IPCE plots. (b) JV curves for the dyed 12 um TiO,
electrodes.

On transparent thin films (12 pm thick TiO,), the Fe(u)-
NHC series displayed Incident-Photon-to-Current-Conversion
Efficiency (IPCE) spectra that decreased with increasing ligand
conjugation, arising from fused thiophene units, from 50% for
ARM15 (1 thiophene) to 30% for NS271 (three fused thio-
phenes) (Fig. 8a). Within the series, NS252 exhibited the
lowest IPCE (25%) but the broadest spectral extension, consist-
ent with the pronounced bathochromic shift induced by the
ThCA anchoring group, which further stabilizes the LUMO,
allowing the complex to collect and convert photons up to
750 nm. The computed Absorbed-Photon-to-Current-
Conversion Efficiency (APCE) spectra confirmed the decrease
in charge injection, with values following the order ARM15
(45%) > NS158 (40%) > NS271 (30%) > NS252 (20%) (Fig. 8a —
inset). Under AM1.5G illumination, the progressive bathochro-
mic shift associated with LUMO stabilisation proved insuffi-
cient to compensate for the decline in injection. Accordingly,
JV measurements (Fig. 8b) revealed the highest photocurrent
density of 5.4 mA cm™> for ARM15 and the lowest of 3.5 mA
em™? for NS271. NS158 and NS252 delivered essentially the
same photocurrent, the former benefiting from higher injec-
tion and the latter from broader spectral sensitivity. The
photocurrent density measured under full spectrum is consist-
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Table 4 Photovoltaic parameters for the Fe(1)-NHC family on 12 ym
thick TiO,

Dye Jse/(mA cm™2) VoolV FF% n%

ARM15 5.39 +0.14 0.40 + 0.01 54 +2 1.16 + 0.03
NS158 4.56 + 0.20 0.42 + 0.01 54+1 1.02 + 0.04
NS271 3.51+0.10 0.31 +0.01 54+1 0.59 + 0.03
NS252 4.68 +0.12 0.38 + 0.01 57+1 1.02 + 0.04

ent with the integrated IPCE plots in Fig. 8a. The corres-
ponding Power conversion Efficiencies (PCEs, Table 4) fol-
lowed the order 1.16% (ARM15) > 1.02% (NS158 and NS252) >
0.59% (NS271) (Table 4). The drop in injection across the
series cannot be attributed solely to the small decrease in
injection driving force, since the variation in E, going from
ARM15 to NS271 was only 30 mV. Inspection of the computed
NTOs for the lowest-energy excited states (Fig. S3, S5, S7 and
S8) and the corresponding analysis of the hole and electron
localization over the different molecular fragments (Table S2
and Fig. S10), well rationalise the measured photocurrents and
injection efficiencies. As the number of thiophene units
increases in the series, going from ARM15 to NS271, the
efficiency of the charge transfer toward the anchoring group
decreases, as is apparent from the increasing weight in the
lowest bright state of the NTOs pair moving charge toward the
ancillary ligand. If the electron localized on the COOH anchor-
ing moiety is taken as a rough estimation of the capability of
injecting charge into the TiO, CB, this value decreases within
the series: 0.15 (ARM15), 0.13 (NS158) and 0.09 for NS271
(Table S2). The increase in conjugation on the ancillary ligand
appears, thus, detrimental to the excited state directionality,
progressively localizing the photoexcited electron on the fused
thiophenes, that are spatially opposite to the anchoring units
and hence decoupled from the titania surface. As far as NS252
is concerned, the calculated hole/electron localization and the
NTOs indicate, on the other hand, an optimal excited-state
topology for charge injection into the semiconductor (Table S2
and Fig. S8). The lower IPCE and photocurrent values, com-
pared to ARM15, can thus be attributed to inefficient elec-
tronic coupling between the dye’s LUMO and the CB acceptor
states. This inefficiency may arise from an unfavourable
adsorption configuration and the consequent disruption of
electronic conjugation, a phenomenon already reported by
some of us for an analogous ThCA-bearing Fe(u)-NHC
complex.”!

When DSSCs were assembled with the thicker TiO, (18 pm)
coupled with a top scattering layer, their broader spectral
extension (see IPCEs and the associated integrated photocur-
rents in Fig. S17) significantly enhanced the photocurrent
(6.46 mA cm™> for ARM15 and 5.75 mA cm™> for NS158,
Fig. 9), particularly for dyes absorbing in the high energy
region of the solar spectrum. Consequently, the PCEs
increased following the order 1.50% (ARM15) > 1.32% (NS158)
> 1.07% (NS252) > 0.93% (NS271) (Table 5). The panchromatic
response obtained by co-sensitizing blue and red absorbing
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Fig. 9 JV curves for the dyed 18 pm + scattering layer TiO, electrodes.

Table 5 Photovoltaic parameters for the Fe()-NHC family on 18 pm
thick TiO, + scattering layer

Dye Je/(mAcm™) Voo /V FF% %

ARM15 6.46 + 0.22 0.42+0.01 55+1 1.500.09
NS158 5.75 % 0.13 0.42+0.01 55+1 1.32+0.06
NS271 4.67 +0.31 0.34+0.02 59+3 0.93+0.06
NS252 4.88 +0.21 0.37+0.01 59+1 1.07+0.02
ARMI15 + NS252  6.36 + 0.11 0.40+0.01 59+1 1.49+0.08
NS158 + NS252  5.57 +0.48 0.39+0.01 602 1.30%0.05

dyes (ARM15 + NS252 and NS158 + NS252) was confirmed by
IPCE spectra, which showed spectral contributions from both
species, confirming the TAS data, with a first broad band
ranging from 500 to 600 nm and a shoulder between 600 to
750 nm, indicating that both dyes are capable of harvesting
visible photons and injecting electrons into the semi-
conductor. However, the coexistence of both species did not
yield further improvements in photocurrent (6.36 mA cm™> for
ARM15 + NS252 and 5.57 mA cm™> for NS158 + NS252),
suggesting that the reduced loading of the former dye, more
efficient, resulted in a loss of harvesting and injection, which
was not compensated by the extended spectral response of the
co-sensitized electrode. Thus, the best performing co-sensi-
tized device achieved the same efficiency as ARM15 alone
(1.5%, Table 5).

In view of gaining insight into the key factors controlling
the performance of the devices, the photocurrent values for
the entire series were plotted against their V,.. According to
the diode equation,® Fig. S18a shows a linear dependency of
the V,. on In /., indicating that the photocurrent generated by
the Fe(u)-NHC complexes (Fig. 9) is mainly controlled by
charge injection. Possible deviations from linearity could
occur when the net photocurrent is also influenced by recom-
bination events between the photoinjected electrons and the
oxidized form of the electrolyte (I3”) occurring with different
rate constants. However, Tafel plots computed from dark
current curves (Fig. S18b) revealed similar slopes for the entire
series, confirming similar recombination kinetics. Since the
dark current is controlled by recombination with I;~, the Tafel
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analysis also allowed to extract the exchange current density
(io) related to electron transfer to the I;7, yielding values on
the order of 1077 A ecm™? for the entire series, consistent with
the range of values typically reported for DSSC based on the
I'/1;” couple.’® Considering the Butler-Volmer equation,*
these values led us to estimate an electron transfer rate con-
stant (K. on the order of 10~° cm™". This confirms that, in
the present case, the cell performances are mainly dictated by
charge injection yields rather than by different rates of recom-
bination events occurring with the redox couple at the dyed
TiO,/electrolyte interface.

Experimental section

Solvents were purified by standard procedures and purged
with argon before use. All other chemicals used in this work
were of analytical grade and were used without further purifi-
cation until or unless stated, and all reactions were performed
under an inert atmosphere of argon. Chromatographic separ-
ations were carried out on silica gel (60-120 mesh). 'H
(400 MHz) and "*C NMR (100 MHz) spectra were taken on a
DRX400 Bruker spectrometer at ambient temperature. High-
resolution mass spectrometry (HRMS) data was obtained by
using Bruker micrOTOF-Q spectrometer. UV-vis spectra were
recorded in a 1 cm path length quartz cell on a LAMBDA 1050
(PerkinElmer), spectrophotometer.

Synthesis of complexes

NS158. HL1 (95 mg, 0.142 mmol), HL3 (80 mg, 0.142 mmol)
and FeCl, (18 mg, 0.142 mmol) were dried under vacuum at
80 °C overnight. After 3 cycles of vacuum/argon, anhydrous
DMF (2 ml) was added. 3 cycles of freeze-pump-thaw were per-
formed to degas the reaction mixture and ¢-BuOK was added at
once (0.71 mmol, 0.08 g) at room temperature. The color
directly changed from yellow to purple upon addition of
t-BuOK. After 1 h, the reaction was completed (seen by TLC
monitoring). The reaction mixture was filtered over Celite and
recovered in acetonitrile. After evaporation of acetonitrile, a
saturated solution of NH,PFs was added (10 mL), followed by
HNO; until the solution becomes acidic (pH = 2) and the pre-
cipitate was collected by filtration. Then, the crude was puri-
fied on silica gel column chromatography using acetone/H,O/
KNO; (10/3/0.5). The heteroleptic fraction was collected and
after evaporation of acetone, a solution of NH,PFs was added
followed by HNO; until the solution becomes acidic (pH = 2)
affording the precipitation of the desired complex NS158. The
latter was recovered by filtration, washed with diethyl ether
and dried under vacuum. The isolated complex NS158 was
obtained as a pink colored compound (20 mg, 7% yield). "H
NMR (400 MHz, acetonitrile-d;) § 8.34 (s, 2H), 8.26 (s, 1H),
8.19 (d, J = 2.2 Hz, 2H), 8.15 (d, J = 2.2 Hz, 2H), 8.05 (s, 2H),
7.73 (d, J = 5.3 Hz, 1H), 7.49 (d, J = 5.3 Hz, 1H), 7.04 (d, J = 2.1
Hz, 2H), 7.02 (d, J = 2.1 Hz, 2H), 2.64 (s, 6H), 2.51 (s, 6H). *C
{'H} NMR (101 MHz, CD;CN) § 200.8, 200.6, 155.3, 154.8,
145.5, 142.5, 142.2, 141.4, 132.2, 127.6, 127.5, 121.4, 121.1,
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117.7, 117.5, 105.9, 102.4, 35.7, 35.2. ESI-HRMS caled for
Ca3H,FeN;,0,S, m/z = 358.0588. Found: 358.0595.

NS271. Applying the above-described procedure to HL2
(79 mg, 0.142 mmol), HL3 (100 mg, 0.142 mmol), and FeCl,
(18 mg, 0.142 mmol) afforded NS271 as a dark pink colored
compound (13 mg, 9% yield). "H NMR (400 MHz, acetonitrile-
ds) 5 8.31 (s, 1H), 8.29 (s, 1H), 8.17 (d, J = 2.2 Hz, 2H), 8.14 (d, J
= 2.2 Hz, 2H), 8.05 (s, 2H), 7.69 (d, J = 5.3 Hz, 1H), 7.5 (d, ] =
5.3 Hz, 1H), 7.03 (d, J = 2.2 Hz, 2H), 7.02 (d, J = 2.2 Hz, 2H),
2.64 (s, 6H), 2.5 (s, 6H). "*C NMR (101 MHz, CD;CN) § 200.6,
200.4, 165.7, 155.5, 154.7, 145.2, 144.9, 143.7, 141.0, 138.7,
133.6, 130.2, 127.7, 122.9, 122.3, 117.7, 117.6, 105.6, 102.4,
35.7, 35.6. ESI-FHRMS caled for C;sHpsFeN;¢0,S; m/z =
386.0449. Found: 386.0446.

NS252. Applying the above-described procedure to HL1
(95 mg, 0.142 mmol), HL4 (100 mg, 0.142 mmol), and FeCl,
(18 mg, 0.142 mmol) and using KHMDS (0.85 mmol, 0.85 mL,
1 M) at 0 °C (instead of -BuOK at room temperature) afforded
NS252 as a violet solid (10 mg, 6% yield). "H NMR (400 MHz,
acetonitrile-d3) § 8.52 (s, 1H), 8.25 (s, 1H), 8.18 (d, J = 2.5 Hz,
2H), 8.15 (d, J = 2.5 Hz, 2H), 8.11 (s, 2H), 8.07 (d, J = 4.1 Hz,
1H), 8.05 (s, 2H), 7.99 (m, 1H), 7.14 (d, J = 5 Hz, 1H), 7.50 (d, J
= 5 Hz, 1H), 7.04 (m, 4H), 2.63 (s, 6H), 2.58 (s, 6H). >°C NMR
(101 MHz, CD;CN) 6 201.1, 200.9, 155.1, 154.9, 142.6, 142.1,
141.4, 132.2, 132.0, 131.8, 129.2, 127.6, 127.5, 121.3, 121.1,
117.6, 117.5, 102.8, 102.3, 100.4, 99.7, 35.7, 30.9. ESI-HRMS
calcd for C,4oH3,FeN;,0,S; m/z = 424.5582. Found: 424.5580.

DSSC fabrication and characterization

Guanidinium thiocyanate (GuNCS) > 97%, ACS grade I, >
99.8%, 99.995% lithium trifluoromethanesulfonate (LiOTf),
97% magnesium trifluoromethanesulfonate (Mg(OTf),),
1-methyl-3-propylimidiazolium iodide (PMII) > 98%, tetra-

butylammonium iodide (TBAI) > 98, 3,4-ethylenedioxythio-
phene (EDOT) 97%, titanium(iv) isopropoxide (Ti(OiPr),),
Alconox, and solvents (anhydrous acetonitrile (ACN) 99.8%,
ACS grade 2-propanol > 99.8%, 99.9% 1-butanol and anhy-
drous methanol 99.8%) were purchased from Merck and used
without further purification. Ultra dry LiI 99.999% and
Magnesium iodide (Mgl,) > 99% were obtained from Fluka.
LiClO, > 99% was purchased from Acros organics. 1-Methyl-3-
propylimidiazolium trifluoromethanesulfonate (PMIOTf) was
bought from Tokyo Chemical Industry (TCI). FTO TEC-7 was
purchased from NSG. Surlyn 25, Ti-nanoxideT/SP and Ti-nan-
oxide R/SP pastes were obtained from Solaronix.

Photoanodes preparation

The Fluorine Thin Oxide (FTO) slides underwent sequential
cleaning by immersion and ultrasonic treatment: first in a 1%
Alconox solution, then in 2-propanol, each for 10 min. The
process was followed by annealing for 20 min at 450 °C. A
compact blocking underlayer was generated by spin coating a
0.3 M Ti(wv)(OiPr),/1-butanol solution (10 s at 1000 rpm and 20
s at 2000 rpm), then sintered at 500 °C for 15 min. The meso-
porous TiO, active layer was deposited by doctor blading
between to two 3 M tape slides set at 5 mm of distance. The
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sintering protocol involved heating from RT to 120 °C at 10 °C
min~", from 120 °C to 450 °C at 11 °C min ™", rest at 450 °C for
30 min, ramp step to 500 °C at 5 °C min~" and rest at 10 min
at 500 °C. This preparation of the mesoporous titania film was
repeated up to 3 times to achieve greater thickness. Final treat-
ment with TiCl was performed by drop casting followed by
slow hydrolysis using a 0.4 M TiCl/water solution in a sealed
chamber for 12 h at room temperature. Resulting films were
washed with deionized water, dried with an air flux and
annealed for 30 min at 450 °C. The scattering top layer was
produced with the same protocol as the active TiO, film but
employing a reflective paste (Ti-nanoxide R/SP, Solaronix) and
identical sintering conditions.

Sensitizer molecules were absorbed onto TiO, electrodes
from a 0.2 mM dye/0.04 mM chenodeoxycholic (CDCA) aceto-
nitrile solution.

DSSC fabrication

PEDOT-based counter electrodes were prepared by electropoly-
merizing a mixture of 107> EDOT and 10" M LiClO, in ACN,
by means of Cyclic Voltammetry. Potential was scanned from 0
to 1.6 V vs. SCE at 50 mV s, with a cleaned FTO slide as the
working electrode assembled face-to-face 2.3 mm from a tita-
nium sheet (A = 4 cm®) as counter electrode, and a double
jacket SCE as reference.

Device assembly involved open configuration cells in which
the electrolyte was confined within a delimited region using
Surlyn 25 thermoplastic spacer. Photoanode and counterelec-
trode were held together by two clamps. Cells were filled with
our customized electrolyte consisting of 0.1 M Lil, 0.6 M PMII,
0.1 M I,, 0.1 Mgl,, 0.1 M GuNCS, 0.1 M TBAI in acetonitrile.

Spectroscopic and electrochemical methods and data

Absorption spectra of the Fe(n)NHC sensitized photoanodes
were measured in transmission mode with an Agilent Carry
300 UV-Vis spectrophotometer, an undyed TiO, electrode as a
reference. For opaque substrates, spectra were acquired in
diffuse reflectance mode with a JASCO V-570 spectrophoto-
meter an integrating sphere, illuminating through the FTO
side. Spectra are reported in Kubelka-Munk (KM) units.

Fourier transform infrared-attenuated total reflection spec-
troscopy (FTIR-ATR) of the sensitized TiO, was performed with
a Nicolet iS50 spectrometer with a 45° single-reflection
diamond ATR element. A total of 32 scans were averaged for
each spectrum.

Titania or zirconia layers functionalized with the Fe(u)NHC
complexes were used as working electrodes for cyclic voltam-
metry (CV), in a three-electrode cell with a platinum wire as
counter-electrode and a Saturated Calomel Electrode (SCE) as
reference. Measurements were recorded with a PGSTAT 302N
potentiostat at a scan rate of 50 mV s™' in 0.1 M LiClO,/ACN
solution.

Photocurrent density-voltage (JV) curves were obtained
using a PGSTAT 302N potentiostat coupled with an ABET solar
simulator and an AM1.5G filter, with incident light power set
to 100 mW cm™> (1 SUN). Incident-Photon-to-Current-
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Conversion Efficiency (IPCE%) spectra were collected using a
custom setup with a Xenon lamp (Ceralux CL300BF) and a
National Instrument PXI 1033, under short circuit conditions.
Absorbed Photon to Current Conversion Efficiency (APCE%)
spectra were computed via APCE% = IPCE%/LHE (Light
Harvesting Efficiency), where LHE was derived from absorption
spectra using LHE = 1-104®,

Transient Absorption Spectroscopy (TAS) of the Fe(u)NHC
sensitized TiO, films was performed using a Nd:YAG laser
(Continuum Surelite II) and monochromatic probe beam,
holding the FTO slides at 45° to both beams to divert stray
light away from the photomultiplier tube (PMT). Signal-to-
noise-ratio (S/N) was improved by averaging ca. 50 laser shots,
with pre-amplification adjusted between 350 Q to 1 M Q
depending on the experimental timescale. Fe(n)NHC sensitized
films were exposed to 0.1 M LiClO4/ACN solution or with a
blank electrolyte (deprived of I" and I,) (0.1 M LiOTf, 0.6 M
PMIOTf, 0.1 M GuNCS, 0.1 M TBAPF,, 0.1 MgOTf,) or a
reduced form of the electrolyte (without I,) (0.1 M Lil, 0.6 M
PMII, 0.1 Mgl,, 0.1 M GuNCS, 0.1 M TBAI). The contact
between dyed film and electrolyte was achieved by pressing a
glass slide onto the sensitized surface and filling the void by
capillarity with the appropriate solution.

ADb initio calculations

All the quantum chemical calculations presented in this work
were carried out in the Density Functional Theory (DFT) frame-
work using the Gaussian 16 software package (Revision
C.01).*” Geometry optimizations in the ground state (*S,) were
performed without symmetry constraints using the B3LYP*
hybrid density functional®®*® in combination with the triple-
zeta Pople-type Gaussian basis set (6-311G(d,p)). The B3LYP*
functional, in which the percentage of Hartree-Fock exchange
is decreased to 15% from 20% (as in the standard B3LYP) has
been shown to provide an improved description of the elec-
tronic structure and spin-state energetics of first-row transition
metal complexes, especially Fe(n) complexes.’*™*> For the
complex NS252, characterized by a higher degree of electron
delocalization and CT, the standard B3LYP functional was
employed. Vibrational frequency calculations (infrared and
Raman) were carried out at the same level of theory to confirm
the optimized geometries as true minima on the potential
energy surface (no imaginary frequencies). Solvent effects were
accounted by means of conductor-like polarizable continuum
model (C-PCM),***® with acetonitrile (CH;CN) as the solvent
(e = 37.5).

Vertical excitation energies were calculated within time-
dependent density functional theory in the linear response
regime (LR-TD-DFT) using the same level of theory adopted for
geometry optimizations. For each system, the lowest 50 singlet
excited states were computed to characterize the UV-Vis spec-
trum. Natural transition orbitals (NTO) analysis*® of the low-
lying bright excited states was performed to obtain a more
concise and chemical intuitive representation of the excited
states. TheoDORE package® was employed to analyse the tran-
sition density matrix, providing detailed information on the
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nature and composition of the electronic transitions, as well
as the spatial distribution of the excitation density across the
different fragments of the complexes.

Conclusions

A family of Fe(n) sensitizers incorporating pyridyl-NHC ligands
extended with fused thiophenes of variable number has been
prepared with the aim of enhancing the light-harvesting
window of iron-sensitized solar cells (FeSSCs). The complexes
have been thoroughly characterized in both solution and
anchored to TiO, photoanodes by means of electrochemistry,
transient absorption spectroscopy, and ab initio calculations.
Upon photoexcitation, charge injection into TiO, was observed,
leading to long-lived charge-separated states capable of interact-
ing with the redox mediator with nearly quantitative efficiency.

Within the series, NS252, which bears both a thienylcya-
noacrylic anchoring group and a fused dithienyl moiety,
exhibited the broadest spectral response, enabling photon col-
lection up to 750 nm. Although this sensitizer also displayed
the lowest IPCE (25%), it demonstrates the potential of struc-
tural changes to further expand the absorption window. The
best device performance was achieved with ARM15, bearing a
single thiophene unit, which delivered an efficiency of 1.5%
and a photocurrent of 6.46 mA cm™> when chemisorbed on an
18 pm thick photoanode. More n-extended systems-maintained
efficiencies close to 1%, underscoring their promise. The
reduced performance in these new systems is attributed to
charge density localization on fused thiophenes positioned
opposite to the anchoring units, limiting the electron injection
efficiency into the TiO,. This work highlights a critical chal-
lenge in the design of efficient Fe(u) sensitizers for DSSCs: the
need to balance sufficiently long-lived excited-state lifetimes, a
broad light-harvesting window, and effective excited-state
directionality for charge injection.
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