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lar cells based on Fe N-
heterocyclic carbene photosensitizers with
improved rod-like push-pull functionality†
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Esmaeil Sheibani, c Kasper S. Kjaer, a Gerrit Boschloo, d Arkady Yartsev, a

Marina Freitag, *de Reiner Lomoth, *d Petter Persson *b

and Kenneth Wärnmark *c

A new generation of octahedral iron(II)–N-heterocyclic carbene (NHC) complexes, employing different

tridentate C^N^C ligands, has been designed and synthesized as earth-abundant photosensitizers for

dye sensitized solar cells (DSSCs) and related solar energy conversion applications. This work introduces

a linearly aligned push–pull design principle that reaches from the ligand having nitrogen-based electron

donors, over the Fe(II) centre, to the ligand having an electron withdrawing carboxylic acid anchor group.

A combination of spectroscopy, electrochemistry, and quantum chemical calculations demonstrate the

improved molecular excited state properties in terms of a broader absorption spectrum compared to the

reference complex, as well as directional charge-transfer displacement of the lowest excited state

towards the semiconductor substrate in accordance with the push–pull design. Prototype DSSCs based

on one of the new Fe NHC photosensitizers demonstrate a power conversion efficiency exceeding 1%

already for a basic DSSC set-up using only the I�/I3
� redox mediator and standard operating conditions,

outcompeting the corresponding DSSC based on the homoleptic reference complex. Transient

photovoltage measurements confirmed that adding the co-sensitizer chenodeoxycholic acid helped in

improving the efficiency by increasing the electron lifetime in TiO2. Time-resolved spectroscopy

revealed spectral signatures for successful ultrafast (<100 fs) interfacial electron injection from the

heteroleptic dyes to TiO2. However, an ultrafast recombination process results in undesirable fast charge

recombination from TiO2 back to the oxidized dye, leaving only 5–10% of the initially excited dyes

available to contribute to a current in the DSSC. On slower timescales, time-resolved spectroscopy also

found that the recombination dynamics (longer than 40 ms) were significantly slower than the

regeneration of the oxidized dye by the redox mediator (6–8 ms). Therefore it is the ultrafast

recombination down to fs-timescales, between the oxidized dye and the injected electron, that remains

as one of the main bottlenecks to be targeted for achieving further improved solar energy conversion

efficiencies in future work.
1. Introduction

Solar cells offer one of the most promising approaches to
decrease the consumption of fossil fuels and thereby decreasing
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the anthropogenic emissions of CO2 into the atmosphere.1,2

Dye-sensitized solar cells (DSSCs) constitute a low-cost alter-
native to Si-based solar cells due to their inexpensive compo-
nents and simple fabrication.3–8 One of the key components in
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DSSCs is the photosensitizer (PS) as it absorbs the sunlight and
transfers an excited electron into the TiO2 conduction band. PSs
are oen metal complexes based on the ruthenium polypyridyl
scaffold,9,10 and as such these complexes are also interesting for
solar fuel applications,11,12 and photoredox catalysis.13,14

However, photosensitizers based on rst row transition metals
offer promising alternatives for large-scale solar-energy
conversion applications due to the higher abundance and
lower cost compared to ruthenium.15–17

The rst DSSC of appreciable efficiency was pioneered in
1991 by O'Regan and Grätzel,3 when incorporating the trimeric
ruthenium complex RuL2(m-(CN)Ru(CN)L0

2)2 (L ¼ 2,20-bipyr-
idine-4,40-dicarboxylic acid and L0 ¼ 2,2-bipyridine) as the PS.
This resulted in a power conversion efficiency (PCE) of 7%. The
structure of many of these PSs stem from Ru(2,20-bipyridine-
4,40-dicarboxylic acid)2(NCS)2 (RuN3) that was shown to achieve
an injection yield of 99.9% and a PCE-value of 10%, as reported
by Nazeeruddin et al. already in 1993.18 Ever since, ruthenium
polypyridyl complexes have been the most common PSs in
DSSCs,19 yielding PCEs up to around 11% using TiO2 as pho-
toanode and I�/I3

� as the electrolyte.18,20–22 The high PCE-values
of the widely used Ru-based PSs derive from their long-excited
state lifetime, oen on the order of several hundreds of ns or
even ms.23 The PSs also feature spatial separation of the lowest
unoccupied molecular orbital (LUMO), which is close to the
TiO2 surface; and the highest occupied molecular orbital
(HOMO),24,25 being close to the photoredox mediator in the
electrolyte.

The performance of DSSC systems typically relies critically
on controlling the interfacial electron transfer dynamics. This
includes both interfacial electron injection from the PS to the
TiO2 conduction band, as well as charge recombination
processes between the oxidized PS and the injected electron.
The initial interfacial electron injection in typical DSSC systems
is oen characterized by ultrafast dynamics taking place on sub-
ps and ps timescales, while recombination oen shows multi-
exponential dynamics over a range of slower picosecond –

millisecond timescales.26,27

The disadvantages of Ru-based PSs are the cost of Ru and its
scarcity, the low extinction coefficient, the restricted near-
infrared absorption,22 instability in water25,28 and photo-insta-
bility.29,30 Since the efficiencies of DSSCs have not yet
approached the theoretical limit and are not competitive with
the more expensive silicon-based solar cells, their main
advantage of cost-effectiveness depends on the utilization of
cheap and readily available PSs.25 Hence, alternatives to ruthe-
nium based dyes for DSSCs have been sought resulting in
organometallic Perovskite quantum dots,31 Zn-porphyrins,32

organic materials33 and Cu(I) polypyridine complexes34,35 as PSs;
yielding a record PCE to this date of 14.3% from an organic PS.36

Simply replacing ruthenium with its rst row congener, iron,
has turned out to be challenging,17,37–40 even though iron is very
appealing due to its high abundance,17 low cost,41 and envi-
ronmental sustainability. However, the lifetime of the photo-
chemically relevant triplet metal-to-ligand charge-transfer
(3MLCT) state for typical iron polypyridyl complexes is limited
to the sub-ps timescale.42–44 Nevertheless, Ferrere and Gregg
16036 | Chem. Sci., 2021, 12, 16035–16053
used cis-FeII(2,20bipyridine-4,40dicarboxylic acid)(CN)2 to
demonstrate a proof-of-principle of electron injection from an
iron-based PS into TiO2.45 The solar cell performance of these
cells were though very low.45,46 In fact, iron polypyridyl
complexes show signicantly different photophysics compared
to their ruthenium analogues due to the small d-orbital ligand
eld (LF) splitting, characteristic for rst-row transition
metals.37 In particular, the smaller LF splitting puts their metal-
centred (MC) states energetically far below the photofunctional
MLCT states, hence providing a very strong driving force for the
deactivation of the MLCT states.47–50

For photofunctionality, increasing the lifetime of the 3MLCT
state is of great importance. Several general strategies to achieve
a longer MLCT excited state lifetime in transition metal
complexes have been proposed.39,47,48,51,52 One strategy is to push
the MC states up in energy thus diminishing the rate of deac-
tivation of the MLCT states. This strategy has successfully been
pursued using the strongly s-donating N-heterocyclic carbene
(NHC) ligands.40,49,50 Ever since the 60-fold improved 3MLCT
lifetime compared to traditional polypyridyl complexes was
obtained for the [Fe(pbmi)2](PF6)2 (pbmi ¼ 1,10-(pyridine-2,6-
diyl)bis(methylimidazol-2-ylidene)) complex,53 the research
eld has seen many advancements gradually increasing the
MLCT excited state lifetime of FeII complexes,54–56 reaching 528
ps with NHC-ligands,57 and reaching the nano-second region
using amido-phenanthridine ligands.58

Recently, Tichnell et al. achieved a PCE value of 0.35% using
Li+ and 4-nonyl pyridine as additives in the electrolyte and
Fe(2,20-bipyridine-4,40-dicarboxylic acid)(CN)2 as the PS, the
highest value obtained for an Fe-based DSSC besides iron-car-
benes.59 However, the most explored iron-based PS is currently
[Fe(cpbmi)2](PF6)2 (cpbmi ¼ 1,10-(4-carboxypyridine-2,6-diyl)
bis(3-methylimidazole-2-ylidene)) (Fig. 1 centre), reported
independently by Duchanois et al. and Harlang et al.54,55 Since
the original report of a PCE of 0.13%,54 several rounds of opti-
mization60–62 have led to a current best result of 1.1% for this
photosensitizer.63 The high efficiency was realized by using I�/
I3
� as redox mediator with magnesium iodide (MgI2), guanidi-

nium thiocyanate (GuNCS) and tetrabutylammonium iodide
(TBAI) as additives. Half-cells consisting of [Fe(cpbmi)2](PF6)2
adsorbed on crystalline TiO2 nanoparticles, were further
investigated by Harlang et al., showing an injection yield of 92%
from the 3MLCT state with an injection time constant of 3 ps.55

This result is comparable to ruthenium PSs (vide supra), and
similarly the injected electrons recombine with the oxidized dye
in a multi-exponential process characterized by time constants
ranging from tens of picoseconds to more than 10 ns. Recom-
bination55 and insufficient coupling between the LUMO of the
dye and conduction band states of the TiO2

64 were identied as
bottlenecks for the solar cell performance.

Further attempts to improve the solar cell performance by
molecular design of the iron NHC photosensitizer have been
made, including two major design strategies.38,63 One design
strategy was to extend the distance between the Fe-centre and
the anchor group by the use of aromatic bridges. The idea was to
further separate the charges to prevent recombination, however
instead less electron density reached the anchor group in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Designing heteroleptic push–pull Fe NHC complexes with linearly aligned distant donor (D) – acceptor (COOH) groups as PSs in dye-
sensitized solar cells, based on the reference homoleptic complex [Fe(cpbmi)2](PF6).54,55 The design strategy is compared to previously published
heteroleptic Fe NHC complexes.64 The acceptor group is kept as COOH to have an attachment point to the semiconductor (for example TiO2) in
a DSSC arrangement.
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excited state.63 Another design strategy employed PSs with
a push–pull structure, where donor (D) and acceptor (COOH)
groups were situated on the same ligand (Fig. 1, le) as well as
ligands with extended p-conjugation.38,64 Donor groups have
high electron density and thus “push” away excited electrons,
whereas the electron decient acceptor groups “pull” the elec-
trons.27 Such an approach has proven successful in both
improving the optical properties of dyes,65 and hampering the
Fig. 2 All complexes discussed in this report. The colours indicate the c

© 2021 The Author(s). Published by the Royal Society of Chemistry
charge recombination in cells. The push–pull strategy has been
particularly developed for the use of Zn-porphyrins as PSs in
DSSCs,66 leading to an impressive PCE-value of 13%.67 Also Ru-
based,28,68,69 Fe-based70 and organic71 PSs with a push–pull
design strategy have been realised, however with less improve-
ment than observed for DSSCs with zinc-porphyrin photosen-
sitizers. For iron-based solar cells this strategy has however not
yet yielded substantially better solar cell performance.38,64 The
olour code that is used consistently throughout this paper.

Chem. Sci., 2021, 12, 16035–16053 | 16037
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Scheme 1 Synthesis of pre-ligands [dtapbmiH2](PF6)2 and [daapbmiH2](PF6)2. (a) Imidazole (3 eq.), K2CO3 (5 eq.), CuI, L-proline, DMSO, 140 �C;
(b) Br-pMe-Ph (3 eq.), Pd2dba3, XPhos, t-BuONa, toluene, 110 �C; (c) Br-pOMe-Ph (3 eq.), Pd2dba3, CyJohnPhos, t-BuONa, toluene, 110 �C; (d)
MeOTf, C2H4Cl2, 95 �C.
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PCE for a DSSC based on a heteroleptic iron NHC complex
[Fe(cpbmi)(pbmi)](PF6)2 has been optimized from 0.1% 64 to
1.4% using the same electrolyte solution as for the record
[Fe(cpbmi)2](PF6)2 solar cell.63

In this report, the homoleptic photosensitizer
[Fe(cpbmi)2](PF6)2 (Fig. 1, centre) is redesigned into heteroleptic
complexes using an alternative design strategy: the cpbmi-
ligand is kept as the attachment point to TiO2 as well as being
an electron acceptor, and the other NHC-based ligand contains
a group that acts as an electron donor (D) (Fig. 1, right). This
creates a linearly aligned push–pull structure, where the LUMO
is preferentially located on the electron-accepting anchor group.
Diarylanilines were selected as electron-donating groups due to
their benecial properties including the ability to harbour
positive charge, broaden the absorption spectra of the dye,66

hamper dye aggregation,28 and the absence of basicity.72 The
latter is important to avoid formation of zwitter ionic forms of
the dyes in neutral solvents.73

Following the design principles above, we have synthesized
the heteroleptic push–pull complexes
[Fe(cpbmi)(dtapbmi)](PF6)2 and [Fe(cpbmi)(daapbmi)](PF6)2
(Fig. 2) (dtapbmi ¼ 1,10-(4-(di(p-tolyl)amino)pyridine-2,6-diyl)
bis(methylimidazole-2-ylidene), daapbmi ¼ 1,10-(4-(di(p-anisyl)
amino)pyridine-2,6-diyl)bis(methylimidazole-2-ylidene)). The
added donor group (di(p-tolyl)amino or di(p-anisyl)amino) and
the acceptor group (COOH) are at maximum spatial distance
from each other in the [Fe(pbmi)2](PF6)2 conned structure,
yielding a rod-like structure. Furthermore, the corresponding
homoleptic complexes [Fe(dtapbmi)2](PF6)2 and
[Fe(daapbmi)2](PF6)2 were synthesized and together with
[Fe(cpbmi)2](PF6)2, used as reference complexes (Fig. 2). All the
synthesized complexes were fully characterized and their pho-
tophysical properties were thoroughly investigated. In addition,
the performance of unoptimized DSSCs with
[Fe(cpbmi)(dtapbmi)](PF6)2 and [Fe(cpbmi)(daapbmi)](PF6)2 as
the PSs were investigated, using [Fe(cpbmi)2](PF6)2 as
a reference.
Scheme 2 Synthesis of the homoleptic complexes [Fe(dtapbmi)2](-
PF6)2 and [Fe(daapbmi)2](PF6)2. (a) tBuOK (THF), 0 �C, DMF; (b) FeBr2 r.t.
2. Results and discussion
2.1. Synthesis of ligands

The pre-ligand [cpbmiH2](PF6)2 was synthesized according to
ref. 55. The pre-ligands [dtapbmiH2](PF6)2 and [daapbmiH2](-
PF6)2 were synthesized starting from 4-amino-2,5-
16038 | Chem. Sci., 2021, 12, 16035–16053
dibromopyridine (1) (Scheme 1). Two imidazole moieties were
attached to 1 via a copper mediated C–N coupling under basic
conditions, leading to 4-amino-2,6-diimidazole-1-ylpyridine (2)
in 58% yield. The subsequent Buchwald–Hartwig coupling of 2
with of p-bromotoluene and p-bromoanisol respectively
required screening to nd the optimal palladium pre-catalyst
and phosphine ligand. Aer extensive search, the highest
yield in the coupling reaction was found using Pd2(dba)3 and
XPhos/CyJohnPhos. Both reactions with the two different aryl-
bromides proceed slowly (over 5 days in reuxing toluene) and
resulted in 2,6-di(imidazol-1-yl)-4-(di-p-tolylamino)pyridine (3)
and 4-(di-p-anisylamino)-2,6-di(imidazol-1-yl)pyridine (4) in
moderate yields of 28% and 27%, respectively. Extension of the
reaction time and higher catalyst loading did not result in
higher yields. The monoarylated products were found to be
produced in large amounts as well despite the long reaction
times. The mono- and bis-arylated products were, however,
successfully separated on a silica gel column. In the nal step,
the methylation of 3 and 4 proceeded smoothly using methyl
triate, resulting in [dtapbmiH2](PF6)2 and [daapbmiH2](PF6)2
in 52% and 35% yields, respectively, aer recrystallization.
2.2. Synthesis of the iron(II) N-heterocyclic complexes

The synthesis of the two homoleptic complexes
[Fe(dtapbmi)2](PF6)2 and [Fe(daapbmi)2](PF6)2, see Scheme 2,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of the heteroleptic complexes [Fe(cpbmi)(dtapbmi)](PF6)2 and [Fe(cpbmi)(daapbmi)](PF6)2 using a statistical approach (a)
tBuOK (THF), 0 �C, DMF; (b) FeBr2 r.t.
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was conducted based on our original protocol for the synthesis
of [Fe(cpbmi)2](PF6)2 as described in ref. 55.

Hence, the free carbenes of the pre-ligands [dtapbmiH2](-
PF6)2 and [daapbmiH2](PF6)2, respectively, were generated using
t-BuOK at �78 �C or 0 �C, depending on the specic protocol
used (see ESI.1†). The so formed free carbenes were reacted with
anhydrous FeBr2, yielding [Fe(dtapbmi)2](PF6)2 and
[Fe(daapbmi)2](PF6)2 in 31% and 30–53% yield, respectively,
aer column chromatography and recrystallization, or only
recrystallization. For the synthesis of the two heteroleptic
complexes [Fe(cpbmi)(dtapbmi)](PF6)2 and
[Fe(cpbmi)(daapbmi)](PF6)2, a protocol used by Gros to
synthesize heteroleptic Fe NHC complexes,64 was employed
(Scheme 3) based on forming the statistical mixture of
complexes and then separation of the complexes by column
chromatography. Hence, equal amounts of the pre-ligands
[cpbmiH2](PF6)2 and [dtapbmiH2](PF6)2, or [cpbmiH2](PF6)2
and [daapbmiH2](PF6)2, were reacted with anhydrous FeBr2,
resulting in approximately statistical mixtures (1 : 2 : 1) of
[Fe(cpbmi)2](PF6)2, [Fe(cpbmi)(dtapbmi)](PF6)2 and
Fig. 3 Molecular structure of (a) [FeII(cpbmi)2](PF6)2, (b) [Fe
II(dtapbmi)2](

[FeII(cpbmi)(daapbmi)](PF6)2 as determined by SC-XRD, shown with anis
atoms, counterions and solvent molecules are omitted for clarity. Displa

© 2021 The Author(s). Published by the Royal Society of Chemistry
Fe(dtapbmi)2](PF6)2, in the rst case, and [Fe(cpbmi)2](PF6)2,
[Fe(cpbmi)(daapbmi)](PF6)2 and [Fe(daapbmi)2](PF6)2 in the
second case. The majority of undesired homoleptic complexes
formed were removed by manipulation of protonation state
during the extraction prior to chromatograph, see ESI.1.† In
each case the remaining complexes were separated on alumina
gel, yielding [Fe(cpbmi)(dtapbmi)](PF6)2 and
[Fe(cpbmi)(daapbmi)](PF6)2 in 16% and 11% yield, respectively,
aer precipitation from the eluent.

The oxidation state of all the complexes as iron(II) species
were conrmed by high resolution mass spectrometry,
elemental analysis and single crystal X-ray diffraction (SC-XRD)
analysis. The molecular structure as determined by SC-XRD
analysis of the complexes is shown in Fig. 3, and these struc-
tures were further supported by 1H and 13C NMR spectroscopy.

A single crystal of [FeII(cpbmi)2](PF6)2 was obtained by the
diffusion of pentane into a methanol solution of the complex.
Crystals of [FeII(dtapbmi)2](PF6)2 and [FeII(daapbmi)2](PF6)2
were obtained by diffusion of pentane into a DCM solution of
the respective complex. Crystals of [FeII(cpbmi)(dtapbmi)](PF6)2
PF6)2, (c) [Fe
II(daapbmi)2](PF6)2, (d) [Fe

II(cpbmi)(dtapbmi)](PF6)2 and (e)
otropic displacement ellipsoids at the 30% probability level. Hydrogen
yed atoms are Fe – orange, C – gray, N – blue, O – red.
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Table 1 Average selected bond distances and angles, as determined by SC-XRD measurements and optimized geometries from DFT (density
functional theory) calculations (values in parenthesis)

Bond/angle [Fe(pbmi)2]
2+ [Fe(cpbmi)2]

2+
[Fe(cpbmi)
(dtapbmi)]2+

[Fe(cpbmi)
(daapbmi)]2+ [Fe(dtapbmi)2]

2+ [Fe(daapbmi)2]
2+ [Fe(daapbmi)2]

3+

Fe–N (Å) 1.925a (1.940) 1.905 (1.931) 1.903 (1.937) 1.910 (1.937) 1.915 (1.944) 1.924 (1.943) 1.935
Fe–C (Å) 1.967a (1.972) 1.943 (1.974) 1.944 (1.974) 1.957 (1.976) 1.947 (1.979) 1.931 (1.974) 1.955
C–Fe–C (�) 158.3a (158.3) 158.7 (158.5) 157.5 (158.0) 158.9 (158.0) 157.8 (157.6) 157.3 (157.6) 157.9
C–N–C (�)b — — 119.9 (120.0) 120.0 (120.0) 120.0 (120.0) 119.9 (120.0) 119.9
Dihedral ring-COOH (�)c — 10.3 (0.3) 2.1 (0.2) 9.2 (0.3) — — —
Dihedral ring-N (�)d — — 18.3 (16.3) 5.5 (11.5) 11.3 (17.3) 14.2 (14.2) 3.8
Dihedral ring-ring (�)e — — 74.3 (76.2) 83.4 (75.7) 62.0 (76.2) 69.3 (75.8) 75.0

a From ref. 53. b The average angle of the C–N–C bond in the tertiary amine for complexes where relevant, to reect the hybridisation of nitrogen.
c The average dihedral angles between the pyridine ring and the carboxylic acid group for complexes where relevant. d The average dihedral angles
between the pyridine ring and para-substituted nitrogen for complexes where relevant. e The average dihedral angles between the pyridine ring and
the tolyl/anisyl rings for complexes where relevant.
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and [FeII(cpbmi)(daapbmi)](PF6)2 were obtained by slow evap-
oration of a methanol solution of the complex. Additionally,
crystals of [FeIII(daapbmi)2]K(NO3)4 were obtained serendipi-
tously by precipitation of [FeII(daapbmi)2](PF6)2 with KPF6 (sat,
aq.) during the purication of the reaction mixture by silica gel
chromatography, using acetone : H2O : KNO3 (sat. aq.)
(10 : 3 : 1) as eluant (see ESI.1 and 2†). During this process, the
FeII complex oxidised into FeIII and formally contains
[K(NO3)4]

3� as the counter anion. Bond lengths and bond-
angles around the iron-centre are retained to a large extent,
both with change of the para-substituents and oxidation state,
compared with the parent complex [Fe(pbmi)2](PF6)2.53 All
complexes have a very similar distorted octahedral geometry
according to the bite angles (see Table 1).

The angles around the para-substituted nitrogen in the
dtapbmi- and daapbmi-ligands were probed to determine their
sp2-character of these atoms. While all bond angles around the
central N atom deviated slightly from the 120� found in an ideal
sp2-geometry, the sum of bond angles deviates from 360� by less
than 1� in all cases, showing very good planarity (see ESI.2†).
Furthermore, investigating the angles between the pyridine
rings and the para-substituents, gives a suggestion of electronic
communication. The dihedral angles between the carboxylic
acid groups and the pyridine rings were found to be on average
8.0�, suggesting fair overlap between the p-systems of each
moiety. This shows the possibility of electronic communication
between the anchor group and the rest of the complex. The
corresponding dihedral angle on the aniline-substituents were
somewhat larger, on average 11�, and similar in each complex
suggesting electronic communication also here. The angle
between the pyridine rings in the ligand and the N-tolyl/anisyl
groups are however in all cases signicantly larger, on average
72� (see Table 1 ormore details in Table S7†). Thus, the tolyl and
anisyl groups probably do not communicate much electroni-
cally to the metal-coordinating part of the ligand.
Fig. 4 Steady-state absorption spectra of all complexes reported
here, all dissolved in a buffer system of 0.1 M TBA methanesulfonate
and 0.1 M methanesulfonic acid in acetonitrile.
2.3. Steady-state absorption spectroscopy

Steady-state absorption spectra of all complexes in the UV-VIS
region are shown in Fig. 4. Special care was taken to
16040 | Chem. Sci., 2021, 12, 16035–16053
determine extinction coefficients in a dened protonation state
as it has been previously reported for [Fe(cpbmi)2](PF6)2 56 and
a similar iron-carbene complex,74 that deprotonation results in
a blue-shi of the charge-transfer band. The iron–carbene
complexes presented here bearing the cpbmi-ligand are easily
deprotonated, especially when dissolved in acetonitrile at low
complex concentration where the ratio water concentration to
complex concentration is high. In contrast, complexes
[Fe(dtapbmi)2](PF6)2 and [Fe(daapbmi)2](PF6)2 were found not
to be prone to protonation/deprotonation under the measure-
ment conditions applied here. This is consistent with the
aniline substituents having only minor basicity.72 To ensure
that only the protonated species of the carboxylic acid
complexes [Fe(cpbmi)2](PF6)2, [Fe(cpbmi)(dtapbmi)](PF6)2 and
[Fe(cpbmi)(daapbmi)](PF6)2 are investigated, all measurements
were performed in a buffer solution consisting of 0.1 M tetra-
butylammonium (TBA) methanesulfonate and 0.1 M meth-
anesulfonic acid in acetonitrile, also assuring a constant ionic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Ground state absorption and redox properties. Extinction coefficient (3) at peak wavelength (l) and peak energy (E), potentials of first
oxidation (E1/2 FeIII/II) and first reduction (Ep L0/�)

Complexa lb (nm) Eb (eV) 3b (103 M�1 cm�1) E1/2 Fe
III/II c (V) Ep L0/� c,d (V)

[Fe(pbmi)2]
2+ 456 2.71 15 0.31e �2.39e

[Fe(cpbmi)2]
2+ 515 2.41 23f 0.45e (0.22)g �1.71e

[Fe(cpbmi)(dtapbmi)]2+ 511 2.42 16 0.26 (0.17)g �1.63h, �2.38
[Fe(cpbmi)(daapbmi)]2+ 512 2.42 14 0.25 (0.19)g �1.7h, �2.3
[Fe(dtapbmi)2]

2+ 459 2.70 34 0.06 �2.52
[Fe(daapbmi)2]

2+ 454 2.73 32 0.05 �2.58

a As PF6
� salt. b In acetonitrile buffered with 0.1 M TBA methanesulfonate and 0.1 M methanesulfonic acid. c Vs. Fc+/Fc in acetonitrile with 0.1 M

TBAPF6.
d DPV peak potential of irreversible wave. e From ref. 55. f This is a higher value than previously published,54,55 attributed to the fact that the

protonated complex has higher extinction at 515 nm than the deprotonated complex. g Potential of rst oxidation of the complex adsorbed on a TiO2
lm (using the same procedure as for DSSC fabrication, see ESI.9) immersed in acetonitrile with 0.1 M TBAPF6.

h Minor reduction peak.
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strength of 0.1 M. Spectral changes due to protonation/
deprotonation were investigated by titration series (see ESI.3†).

All complexes exhibit a double peaked absorption band in
the wavelength range from 350 to 600 nm. The bands are
attributed to MLCT transitions based on similarity to what has
previously been established for the parent complex
[Fe(pbmi)2](PF6)2 53 and reference complex [Fe(cpbmi)2](PF6)2.55

Peak wavelengths for each band together with extinction coef-
cients are summarized in Table 2. As noted prior for
[Fe(cpbmi)2](PF6)2, complexes bearing carboxylic acid groups
have a strongly red-shied absorption band on-set compared to
the parent complex [Fe(pbmi)2](PF6)2.55 Interestingly the new
homoleptic complexes [Fe(dtapbmi)2](PF6)2 and
[Fe(daapbmi)2](PF6)2 (substituted only with N,N-diaryl anilines)
absorb in a similar wavelength region to their parent complex
[Fe(pbmi)2](PF6)2, although with a stronger extinction coeffi-
cient. The stronger absorption is attributed to an increased p-
system involved in the MLCT transitions. For heteroleptic
complexes [Fe(cpbmi)(dtapbmi)](PF6)2 and
[Fe(cpbmi)(daapbmi)](PF6)2, their respective MLCT-bands
around 515 nm exhibit lower peak extinction coefficients than
the corresponding band of [Fe(cpbmi)2](PF6)2. However, when
comparing the integrated extinction in the wavelength range of
350–750 nm all three complexes yield similar results. This
means that the apparent lowering of the extinction when
exchanging one carboxylic acid group for an aniline substituent
Fig. 5 Differential pulse voltammograms and cyclic voltammograms (100
[Fe(cpbmi)(dtapbmi)]2+ (1.62 mM) in acetonitrile with 0.1 M TBAPF6.

© 2021 The Author(s). Published by the Royal Society of Chemistry
is more of a broadening of the absorption that results in better
coverage of the visible region.

2.4. Electrochemistry and spectroelectrochemistry

For all complexes studied here, cyclic voltammetry revealed
a reversible one-electron oxidation (Fig. 5 and S41†) with half-
wave potentials ranging from E1/2 ¼ 0.05 to 0.45 V vs. Fc+/Fc
(Table 2). In analogy to the parent complex [Fe(pbmi)2]

2+ and its
homoleptic carboxylate congener [Fe(cpbmi)2]

2+, this wave can
be assigned to the FeIII/II couple with the expected negative shi
due to the electron donating effect of the aniline substituents of
[Fe(dtapbmi)2]

2+ and [Fe(daapbmi)2]
2+. For the heteroleptic

complexes the opposite electronic effects of aniline and
carboxylate substituents are almost entirely cancelling each
other resulting in potentials of their FeIII/II couple close to that
of the parent complex [Fe(pbmi)2]

2+. Further oxidation at
potentials of about 1 V can be unambiguously attributed to the
oxidation of the aniline substituents based on the absence of
this process in the parent complex [Fe(pbmi)2]

2+ and its
homoleptic carboxylate congener [Fe(cpbmi)2]

2+. In case of the
homoleptic complexes, small splittings (ca. 0.08 V) of the amine
oxidation indicate weak electronic interaction between the two
amine units. Beyond 1.5 V all complexes undergo further irre-
versible oxidations similar to the parent complex [Fe(pbmi)2]

2+

that presumably comprises ligand oxidation as well as further
oxidation of the metal centre.
mVs�1, reversible waves only) of (a) [Fe(dtapbmi)2]
2+ (0.82 mM) and (b)

Chem. Sci., 2021, 12, 16035–16053 | 16041

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc02963k


Fig. 7 HOMO–LUMO gaps calculated from a ground state optimi-
zation of all complexes using restricted DFT calculations in an implicit
solvent model of acetonitrile. The level of theory used was B3LYP*
with the 6-311G(d, p) basis set. Also shown are the contour plots of the
Kohn–Sham HOMO and LUMO. The HOMO energy of [Fe(pbmi)2](-
PF6)2 has in this comparison been put to 0 eV, complexes are ordered
from highest to lowest in energy of HOMO.
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Reduction of the homoleptic amine substituted complexes
leads to irreversible reduction waves at about�2.5 V that can be
attributed to ligand reduction. Their negative shi relative to
the parent complex [Fe(pbmi)2]

2+ parallels the trend of the FeIII/
II couples in excellent agreement with the virtually identical
energies of the MLCT absorption bands (Table 2) of these two
complexes and the parent complex. In case of both heteroleptic
complexes, similar reduction waves are observed at about
�2.3 V. With a positive shi that approximately parallels the
effect of the carboxylate substituent on the FeIII/II couples, these
potentials cannot account for the red shi of the MLCT bands,
however. Minor reductive waves at about�1.6 V, that agree with
the rst reduction of [Fe(cpbmi)2]

2+ and might be attributed to
proton coupled reductive chemistry of the carboxylate substit-
uent, corroborate the notion that reliable estimates of LUMO
energies from voltammetric data seem to be compromised in
case of the carboxylic acid substituted complexes.

Spectroelectrochemistry (Fig. 6 and S42†) corroborates for all
complexes the assignment of the rst oxidation to the forma-
tion of a stable FeIII state accompanied by bleaching of the
MLCT band and the concomitant emergence of lower energy
absorption that can be tentatively assigned to ligand-to-metal
charge-transfer (LMCT) excitation involving ligand oxidations
above 1.5 V. The stable products formed upon further reversible
oxidation of FeIII complexes [Fe(cpbmi)(dtapbmi)]3+ and
[Fe(dtapbmi)2]

3+ were also characterized by spectroelec-
trochemistry (Fig. 6) that supports their assignment to triaryl-
amine cation radicals.75 This means that the preferential site for
the complexes to keep an electron deciency is on the metal in
the rst place, rather than on the aniline-containing ligand. The
result can be explained by the strongly s-donating ligands
shiing the FeIII/II redox couple below the amine oxidation, that
occurs at unusually high potential in these complexes, thereby
making it hard to fully implement the intended push–pull
strategy.

2.5. Quantum chemical calculations

Density Functional Theory (DFT) calculations on the B3LYP*
level of theory with the 6-311G(d, p) basis set and modelled in
Fig. 6 Spectroelectrochemistry in acetonitrile with 0.1 M TBAPF6. (a) [Fe
1.3 V ( ). (b) [Fe(cpbmi)(dtapbmi)]2+ (–) and product spectra after oxidati
curves�460 nm in (a) and�520 nm in (b). LMCT features can be seen for
the triarylamine cation radical can be seen for the blue curves �780 nm

16042 | Chem. Sci., 2021, 12, 16035–16053
an empirical solvent model of acetonitrile were carried out to
provide further electronic structure information about the Fe
NHC complexes. The calculated HOMO and LUMO energies are
shown in Fig. 7 together with pictures of the Kohn–Sham
orbitals (see also Table S8†). Based on the calculations, the
aniline substituted ligands (dtapbmi and daapbmi) destabilize
both HOMO and LUMO, whereas the carboxylic acid substituted
ligand (cpbmi) mostly stabilizes the LUMO of the correspond-
ing iron complexes. The HOMO–LUMO gap is typically related
to the position of the lowest energy absorption band, which
here is the MLCT-band corroborated by the character of the
lowest energy triplet state at the ground state geometry of each
complex according to unrestricted single point DFT calculations
(see ESI.5, Tables S9 and S10†). The calculations presented in
(dtapbmi)2]
2+ (�) and product spectra after oxidation at 0.5 V ( ) and

on at 0.75 V ( ) and 1.5 V ( ). MLCT features can be seen for the black
the red curves�680 nm in (a) and�700 nm in (b). Spectral features of
in both (a) and (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 thus explain the result obtained from absorption
measurements (Fig. 4), where the absorption maxima are
similar for complexes without the cpbmi-ligand and redshied
for complexes with the cpbmi-ligand compared to the parent
complex [Fe(pbmi)2](PF6)2. The red shiing effect of the
carboxylic acid group has been previously observed for complex
[Fe(cpbmi)2](PF6)2.55 Thus, for heteroleptic complexes bearing
both types of ligands, the LUMO-stabilizing effect of the cpbmi-
ligand is stronger than the destabilizing effect of the aniline-
substituted ligands. The cpbmi-ligand offers a p*-orbital lying
lower than other available ligand orbitals, such that the LUMO
of heteroleptic complexes only extend on the cpbmi-ligand
(seen in Fig. 7, more information in ESI.5†). This validates the
intended design strategy that upon light excitation an electron
would preferentially be localised on the cpbmi-ligand. The
introduced directional excitation is an improvement to the
reference complex [Fe(cpbmi)2](PF6)2 where excitation is not
preferential to either side of the complex. The sigma-donating
effect of the ligands have also managed to further shi the
3MC states to higher energies, at their respective optimized
geometry 3MC is now only �0.2 eV lower in energy than the
3MLCT states (see Table S11†). This is an improvement
compared to previously reported complexes [Fe(pbmi)2](PF6)2
and [Fe(cpbmi)2](PF6)2.76

Similar to what has been concluded in previous computa-
tional studies,64,76 the electron donating ligands ensure
a favourable excitation directionality towards the TiO2, thus
alleviating one of the potential problems for the reference
complex [Fe(cpbmi)2](PF6)2. However, the HOMOs of the het-
eroleptic complexes are mainly metal-centred (t2g-character) but
also display signicant mixing with ligand p*-orbitals as shown
in Fig. 7. The strong metal–ligand interaction, leading to
a delocalization of the HOMOs, suggests that the complexes
would delocalize an electron hole over a large part of the
complex rather than directing it towards the electron-donating
ligand. The picture is similar to what is observed from electro-
chemistry, and contribute to explain why recombination is still
a problem limiting the DSSC performance of these complexes.

The optimized structures of the complexes (shown in Fig. 7)
can be compared to the measured SC-XRD structures in Fig. 3.
In general, the B3LYP* functional tends to overestimate all
bond lengths with a couple of percent, see Table 1. The
calculated bite angle is around 158� for all complexes which
was also conrmed by SC-XRD measurements. The dihedral
angles between the carboxylic acid group and the pyridine ring
in optimized relevant complexes are all maximum 0.3�, sug-
gesting good overlap between the p-systems, also seen in the
LUMO extending fully on the carboxylic acid group (Fig. 7). The
corresponding angles from SC-XRD measurements are larger
indicating less overlap, see Table 1. This discrepancy can be
due to the fact that the molecular structures are optimized in
an implicit solvent model, whereas SC-XRD measurements
represent the crystal structure of the molecule. The calculated
dihedral angles between the pyridine ring of the complexes
and the para-substituted nitrogen as well as the tolyl/anisyl-
rings are more in line with the SC-XRD measurements, see
Table 1. These angles suggest some overlap between the p-
© 2021 The Author(s). Published by the Royal Society of Chemistry
systems of the pyridine ring and the para-substituted nitrogen
(also seen in the LUMOs in Fig. 7). In addition, it is clear from
both calculations and SC-XRD measurements that the three
aromatic rings making up the tertiary amine are not in the
same plane, and thus not strongly coupled. In solution the
tolyl/anisyl-rings most likely have signicant rotational
freedom and do not remain at a xed position as in a crystal.
This also opens up for more planar conformations of the tolyl/
anisyl-rings in relation to the pyridine moiety, thus potentially
providing better electronic communication all the way from
the methyl/methoxy-group of the aniline substituent to the
pyridine nitrogen coordinated to the iron atom. The planarity
seen for the para-substituted nitrogen in the dtapbmi- and
daapbmi-ligands is also supported by the calculations, being
close to perfect 120�.
2.6. Transient absorption spectroscopy

fs-Transient Absorption (TA) spectroscopy was employed to
investigate the excited-state properties of the complexes in
solution as well as on Al2O3 reference lms in acetonitrile (for
a description of the experiment setup see ESI.6,† fabrication of
lms in ESI.8†). Additionally, interfacial charge transfer from
[Fe(cpbmi)(dtapbmi)](PF6)2 and [Fe(cpbmi)(daapbmi)](PF6)2 to
TiO2 meso-porous lms in acetonitrile (fabrication described in
ESI.8†) was investigated. The excitation wavelength was tuned
to match the absorption maximum of the respective sample.
Below will follow a discussion rst about the dynamics in
solution and later the interfacial dynamics on TiO2 lms in
acetonitrile. Finally, the dye regeneration kinetics of
[Fe(cpbmi)2](PF6)2, [Fe(cpbmi)(dtapbmi)](PF6)2 and
[Fe(cpbmi)(daapbmi)](PF6)2 adsorbed on mesoporous TiO2 will
be presented. A schematic of all characterized processes can be
seen in Fig. 10b.

The dynamics of the complexes in solution describe the
intrinsic energy evolution in the complexes and build the base
for understanding the processes occurring at the surface of
TiO2. Complexes bearing carboxylic acid groups (sensitive to
deprotonation as discussed previously) were measured in
a buffer solution consisting of 0.1 M TBAmethanesulfonate and
0.1 M methanesulfonic acid in acetonitrile, the others in
acetonitrile only. Measured spectra and kinetics together with
ts from global analysis are shown in Fig. 8. In solution, the
complexes display ground state bleach (GSB) at �400–520 nm
resembling the inverted steady-state absorption (Fig. 4). On the
red side of the GSB�550–700 nm, excited state absorption (ESA)
is observed. The spectral characteristics are similar to features
previously ascribed to the 3MLCT state of other Fe NHC
complexes.53,55 Global analysis of the data in solution reveals
two components for all complexes, with the rst dominant
component decaying on a timescale of 11–20 ps and the second,
minor component decaying on a 1–7 ps timescale depending on
the particular complex. Thus, the lifetime of the 3MLCT state is
limited by the longer decay component. In analogy with
previous studies, we assume a decay pathway to ground state
from the 3MLCT state via the 3MC state.53,55 The proposed
dynamics assume intersystem crossing to be faster than 1 ps,
Chem. Sci., 2021, 12, 16035–16053 | 16043
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Fig. 8 Transient absorption spectra (a) and kinetics (b) of [Fe(cpbmi)2](PF6)2, [Fe(cpbmi)(dtapbmi)](PF6)2 and [Fe(cpbmi)(daapbmi)](PF6)2 in
a buffer system (0.1 M TBA methanesulfonate and 0.1 M methanesulfonic acid in acetonitrile) (excitation wavelength 515 nm),
[Fe(dtapbmi)2](PF6)2 and [Fe(daapbmi)2](PF6)2 in acetonitrile (MeCN) solution (excitation wavelength 400 nm). Spectra are recorded 1 ps after
excitation, for clarity all spectra have been normalized, cut to remove excitation scatter, as well as chirp (group velocity dispersion) and
background corrected. The kinetics are recorded in the ground state bleach region (450 and 470 nm) and normalized to their respective minima,
the ultrafast time evolution is omitted. Symbols represent the measured data and solid lines are fits, resulting from the global fit to the data.
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which has before been observed for a related Fe(II) complex.77 All
components for the ts are summarized in Table 3.

Further, the dynamics of complexes
[Fe(cpbmi)(dtapbmi)](PF6)2 and [Fe(cpbmi)(daapbmi)](PF6)2
adsorbed on wide bandgap Al2O3 reference semiconductor
substrate in acetonitrile (where electron injection from the
complexes is not energetically feasible) were investigated. The
dynamics on Al2O3 in acetonitrile is similar to the dynamics in
solution, and one major lifetime component of 17–18 ps can be
tted to this data, see Fig. S49.† The excited state absorption at
�550–800 nm of the complexes on Al2O3 lms in acetonitrile
(Fig. S49†) is also similar to the ESA in solution (Fig. 8a).
Table 3 Summary of the global analysis of the TA data. The s1 to s4 are
fitted exponential decay components of which s4 is a non-decaying
(nd) component within the timeframe of the experiment. Relative
amplitude of the non-decaying component in parenthesis, established
by tracking a kinetic in the ground state bleach region of the spectrum

System Complex
s1
(ps)

s2
(ps)

s3
(ps)

s4
(ps)

In Buffera [Fe(cpbmi)2](PF6)2 7 20
[Fe(cpbmi)(dtapbmi)](PF6)2 2 18
[Fe(cpbmi)(daapbmi)](PF6)2 2 18

In MeCN [Fe(dtapbmi)2](PF6)2 3 11
[Fe(daapbmi)2](PF6)2 6 17

On Al2O3 [Fe(cpbmi)(dtapbmi)](PF6)2 17
[Fe(cpbmi)(daapbmi)](PF6)2 18

On TiO2 [Fe(cpbmi)(dtapbmi)](PF6)2 0.1 18 150b ndc (5%)
[Fe(cpbmi)(daapbmi)](PF6)2 0.1 3b 22 ndc (10%)

a Consisting of 0.1 M TBA methanesulfonate and 0.1 M
methanesulfonic acid in acetonitrile. b These minor additional
components appears to differ signicantly for the two complexes,
which should not be overinterpreted for the primitive t not
assuming any model. c Fitted by a time-component with innite
lifetime.

16044 | Chem. Sci., 2021, 12, 16035–16053
We will now focus on the interfacial dynamics of the two new
complexes with anchor groups ([Fe(cpbmi)(dtapbmi)](PF6)2 and
[Fe(cpbmi)(daapbmi)](PF6)2) adsorbed on TiO2. As expected, we
observe more complex TA evolution which in contrast to the
solution case includes also some very fast and very slow
processes see Fig. 9a. Spectrally, we observe features additional
to the GSB and ESA as seen in solution see Fig. 9b around�700–
1000 nm. To get a rst idea about the fundamental processes,
global analysis with a four-exponential t function was applied
to the chirp-corrected datasets. By accounting for the instru-
ment response function, time resolution down to �100 fs was
obtained (a region of �80 fs around time zero was omitted). For
both complexes, the decay function is mainly described by one
ultrafast component with a lifetime of 100 fs, one component
with lifetime �20 ps, and one non-decaying component within
the timeframe of our experiment (see Table 3). Selected kinetics
and decay associated spectra (DAS) for
[Fe(cpbmi)(dtapbmi)](PF6)2 are plotted in Fig. 9, and the results
for [Fe(cpbmi)(daapbmi)](PF6)2 are shown in Fig. S46.† To
improve the ts, one very weak additional component at an
intermediary time for each dataset was included. It is also
important to keep in mind that the studied systems are ex-
pected to be highly inhomogeneous as well as they do not
correspond to the optimized lms for DSSCs where a co-
sensitizer was added to help orient the complexes correctly.

When we compare the data in solution and on both TiO2 and
Al2O3 lms in acetonitrile, we distinguish a component which
decays with a nearly identical lifetime (�20 ps), see Table 3. The
decay associated spectrum of this component on TiO2 (Fig. 9b
and S46b†) is similar to the ESA in solution (Fig. 8a), however as
expected there are minor differences as there are also differ-
ences between the solution and lm steady-state absorption
spectra (for a comparison of TA spectra at 1 ps of the solution
and TiO2 lm in acetonitrile cases see also Fig. S47†). This
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Selected TA kinetics of [Fe(cpbmi)(dtapbmi)](PF6)2 adsorbed onmeso-porous TiO2 films in acetonitrile (excitation wavelength 490 nm).
Kinetics are normalized and averaged, kinetics with a parenthesis in the legend have also been inverted. Symbols represent the measured data
and solid lines are fits, resulting from the global fit to the data. (b) Decay associated spectra from the global fit to the dataset of
[Fe(cpbmi)(dtapbmi)](PF6)2 adsorbed on meso-porous TiO2 films in acetonitrile. The label of each component line refers to the fitted lifetime of
that component. Data were chirp corrected, cut to remove scatter and an artefact region of �80 fs around time zero was omitted. Decay
associated spectra are plotted to scale unless otherwise is noted in the legend. GSB – ground state bleach, ESA – excited state absorption.
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spectral component in the lm dynamics is therefore also
assigned to 3MLCT in analogy to the solution case.

Further, one of the major differences between the solution
and TiO2 in acetonitrile data is the presence of a non-decaying
component for the data on lm. The decay associated spectra of
this component resembles that of the oxidized dye established
by spectroelectrochemistry (see Fig. S48†) and survives long
aer the expected lifetime of the complexes. Similar to previous
studies of [Fe(cpbmi)2](PF6)2 55 we assign the non-decaying
component to the oxidized complex, formed on the lm
resulting from electron injection into the conduction band of
TiO2. The assignment is further corroborated by working solar
cells (presented in Section 2.7) and the fact that a similar non-
decaying component is not observed when complexes are
adsorbed on Al2O3 (see Fig. S49†). It has previously been shown
that the non-decaying component can be related to the solar cell
performance since it reects the portion of injected electrons
that remains sufficiently long in the TiO2 to potentially
contribute to the photocurrent.78 The amplitudes of the signal
in the GSB region remaining aer 10 ns are 5% for
[Fe(cpbmi)(dtapbmi)](PF6)2 and 10% for
[Fe(cpbmi)(daapbmi)](PF6)2 (see Table 3). The difference is an
indication that [Fe(cpbmi)(daapbmi)](PF6)2 would have a larger
fraction of the long-lived electrons injected into the TiO2. The
amplitudes are comparable to what was previously established
for the reference sensitizer [Fe(cpbmi)2](PF6)2, for which the
non-decaying component amplitude was 13%.55

The other striking difference between the two cases is the
very fast component that dominates a large part of the TA in the
sensitized TiO2 lm in acetonitrile, but is not present in solu-
tion and in the sensitized Al2O3 lm in acetonitrile (see Table 3).
The main feature of this fast component that makes it differ
from the other two cases is a pronounced TA signal that is
nearly at from 700 to 900 nm where ESAs in solution and on
Al2O3 lm in acetonitrile exhibit a cut-off (compare Fig. 8, S49
© 2021 The Author(s). Published by the Royal Society of Chemistry
and S50†). Absorption of this feature extends to the red limit of
the studied spectral range. This component has similarity with
the very long-lived component and with the oxidized dye
absorption established by spectroelectrochemistry combined
with the ground state bleach spectral feature (see Fig. S48†).
Thus, we associate this ultrafast decay component to the signal
of the oxidized complexes.

In Fig. 9a (and S46a†) it is clear that the oxidized dye signal
(monitored at 900 nm) rise is limited by the instrument
response function. This suggests that injection is not resolved
in our experiment and must be faster than 100 fs. Such a fast
injection has been seen before in the case of Ru-based
complexes.10,27 When looking at the ultrafast time evolution of
the TA spectra (Fig. S50†) it is seen that the spectra at these
times have contributions of both ESA and the oxidized dye.
Formation of both oxidized dye and ESA at early times could be
rationalized as an injection that is never complete for both dyes,
most probably due to other fast competing processes such as an
intersystem crossing (ISC) and intra-molecular vibrational
energy relaxation.

It is important to realize that the resolved 100 fs component
represents a decay of the oxidized complex signal. We interpret
this fast decay as an ultrafast recombination process. Further,
from the selected kinetics plotted in Fig. 9a (and S46a†) we see
this ultrafast decay present for the oxidized dye region (900 nm),
but not for the GSB recovery signal shown by the kinetics
measured at 440 nm. The ultrafast recombination is thus not
returning the complexes to the ground state. In addition to the
positive signal representing a decay of the oxidized complex we
can see a negative component with an on-set at �700 nm (see
also Fig. S48†). It is important to note that the on-set of this
negative part of the 100 fs DAS is red-shied from the ground
state absorption on-set (�550 nm), which together with the
absence of any signicant fast decay in the GSB signal recorded
at 440 nm restrains the assignment of this component as the
Chem. Sci., 2021, 12, 16035–16053 | 16045
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Fig. 10 (a) Transient absorption traces recorded at 470 nm of Fe-complexes featuring carboxylic acid groups adsorbed on TiO2 in the presence
of I�/I3

� redox electrolyte (containing 0.5 M dimethylpropylimidazolium iodide, 0.1 LiClO4, 0.05 M I2, and 0.5 M TBP in acetonitrile). The
excitation wavelength was set to 505 nm. (b) Schematic of all processes within the interfacial dynamics characterized by time-resolved spec-
troscopy. MLCT –metal-to-ligand charge transfer, CB – conduction band, MC –metal-centred, GS – ground state, ISC – intersystem crossing.
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ground state bleach recovery. As there is no other negative TA
component, we have to assign the negative part of the 100 fs
DAS to a rise of a positive TA signal. Furthermore, as one of the
strongest DAS components with lifetime 18–22 ps has been
above identied as the ESA of the complexes, based on simi-
larity in spectral shapes and dynamics between the solution and
TiO2 lm in acetonitrile cases, we conclude that the oxidized
complexes recombine back to the excited 3MLCT state. The
appearance of this ultrafast recombination in the TA spectra
depends on the correlation between the extinction coefficients
of the oxidized complex and excited state absorptions; when the
extinction coefficient of the excited state absorption is larger
than the oxidized dye we observe a decay in the signal, in the
opposite case we observe a rise. As the resolved charge recom-
bination dynamics is comparable to the temporal resolution of
the experiment and to the delay time of the rst presented TA
spectra (Fig. S50†), one could associate the appearance of the
ESA in these spectra with the early parts of the recombination.

The ultrafast recombination process is the core reason for
the loss of the �90% initially oxidized complexes, which is
detrimental for the DSSC performance. We assign this domi-
nant process to geminate recombination of the electron not
having escaped from the positively charged oxidized complex
le aer injection. This means that only �10% of the injected
electrons become fully free to move in the conduction band of
TiO2 and can contribute to DSSC performance. On the truly
ultrafast timescale where both injection and recombination
occur, electrons are not yet free and the situation could poten-
tially be described as a manifold of bound states delocalized
between the complex and the conduction band of TiO2, similar
to what was discussed in ref. 79. Such states could have the
spectroscopic signature of an oxidized sensitizer. If the coupling
of the delocalized states with a state localized on the complex is
good, and the localized state is lower in energy, a very fast
relaxation of the delocalized states could occur and cause the
spectroscopic signal which could be interpreted as an efficient
ultrafast recombination.

Assigning the fourth minor decay component is more
ambiguous as the weak spectral changes associated with this
16046 | Chem. Sci., 2021, 12, 16035–16053
component have much larger inuence of the instrument noise
level. Yet, we compared the dynamics measured at 900 nm
where the signal is expected to be dominated by the oxidized
complex with the dynamics at 600 nm, the peak of the ESA
contribution, see Fig. S51.† At the timescale from 1 ps to 1 ns
both the fast and the slow components should not have any
signicant contribution. Thus, following the suggested scheme
of very fast and very slow recombination and the ESA decay, the
entire dynamics in this time range must be dominated by the
decay of ESA. Nevertheless, we observe statistically different
dynamics in the oxidized complex and ESA spectral regions for
[Fe(cpbmi)(daapbmi)](PF6)2 ([Fe(cpbmi)(dtapbmi)](PF6)2 has
too high noise level to yield this result), see Fig. S51.† We
tentatively interpret this difference as a contribution of slow
injection and intermediate recombination caused by inhomo-
geneity of the adsorbed complex geometries.

We also considered the possibility of side reactions since
some contaminates in the solvent may inuence the observed
TA dynamics. Either the photogenerated excited state or the
oxidized dye aer electron injection might be involved in such
side reactions. The comparison of TiO2 lm in acetonitrile TA
dynamics to that measured on Al2O3 lms in acetonitrile rules
out that there would be side reactions only involving the excited
state (see ESI.6† for a more detailed discussion). We also nd
that a very fast quenching of the oxidized complex does not
agree with observed dynamics (see ESI.6† for a more detailed
discussion). Furthermore, the possible inuence of the Stark
effect on the measured TA spectra was analyzed via comparison
of the linear absorption and its derivative with the GSB spectral
shape,80 see Fig. S52.† It appears that the Stark shi is not
essential in the measured data on longer than 1 ps timescale
most probably due to a very low concentration of injected
electrons in the TiO2 nanoparticles and consequently low
strength of the electric eld generated by injection.

The dye regeneration kinetics of [Fe(cpbmi)2](PF6)2,
[Fe(cpbmi)(dtapbmi)](PF6)2 and [Fe(cpbmi)(daapbmi)](PF6)2
adsorbed on mesoporous TiO2 lms were investigated using ns-
transient absorption spectroscopy (see ESI.7 and 8† for more
information regarding setup and sample preparation). In the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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absence of a redox electrolyte, for lms in air or in contact with
an inert electrolyte, a biphasic recombination was observed,
with a fast component (�130 ns) and a slow component with
a time constant of more than 40 ms. In contact with the iodide
redox electrolyte, another fast component with a similar time
constant as before �130 ns was found, as well as a much slower
component, see Fig. 10a. We attribute the faster component in
all transients to the recombination of electrons in TiO2 to
oxidized dye molecules, induced by the relatively high laser
pulse intensities used in these ns-TA measurements (ca. 2 mJ
per pulse), resulting in locally high electron concentrations. The
slower component (with a time constant s2) in the experiments
with iodide redox electrolyte is due to regeneration of the
oxidized dye by iodide. For [Fe(cpbmi)2](PF6)2 s2 was about 0.5
ms, while it was about one order of magnitude slower for
[Fe(cpbmi)(dtapbmi)](PF6)2 and [Fe(cpbmi)(daapbmi)](PF6)2,
6.4 and 7.2 ms, respectively. Under comparable conditions
a regeneration time constant s2 for the N719 dye was about 0.7
ms, similar to that of [Fe(cpbmi)2](PF6)2, suggesting that dye
regeneration should not be a problem for [Fe(cpbmi)2](PF6)2.
The slower dye regeneration of [Fe(cpbmi)(dtapbmi)](PF6)2 and
[Fe(cpbmi)(daapbmi)](PF6)2 can be tentatively attributed to
a smaller driving force for the regeneration reaction. It must be
taken into consideration that in the initial regeneration step the
short-lived intermediate diiodide (I2

�) is formed (reaction (1),
where D stands for the dye), which subsequently dispropor-
tionates (reaction (2)).19

D+ + 2I� / D + I2
� (1)

2I2
� / I3

� + I� (2)

The formal potential of I2
�/I� is about 0.8 V vs. NHE, or

0.17 V vs. Fc+/Fc.81 This implies a small driving force for the
regeneration of [Fe(cpbmi)(dtapbmi)](PF6)2 and
[Fe(cpbmi)(daapbmi)](PF6)2, the oxidation potential for the
lms are 0.17 V and 0.19 V vs. Fc+/Fc to be compared with 0.22 V
vs. Fc+/Fc for [Fe(cpbmi)2](PF6)2 (see Table 2) This reaction will
still proceed to completion due to the irreversible nature of
reaction (2).
Fig. 11 (a) Measured JV-characteristics at AM 1.5G illumination for bes
[Fe(cpbmi)(dtapbmi)](PF6)2 and [Fe(cpbmi)(daapbmi)](PF6)2. (b) Correspon
(solid lines), and integrated photocurrent density Jsc (dashed lines).

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.7. Photovoltaic performance

Since the complexes [Fe(cpbmi)(dtapbmi)](PF6)2 and
[Fe(cpbmi)(daapbmi)](PF6)2 were able to inject electrons into
TiO2, solar cells with these complexes as photosensitizers were
fabricated and characterized by relevant techniques (for details
see ESI.9 and 10†). To demonstrate the effect of the push–pull
structure on the solar cell performance, devices sensitized with
the complex [Fe(cpbmi)2](PF6)2 were used as a reference. In
order to take full advantage of the push–pull directionality in
the heteroleptic dyes, the commonly used co-adsorbent che-
nodeoxycholic acid (cheno) was added into the sensitizer solu-
tions.82–84 The co-adsorbent was introduced to ensure complete
coverage of the TiO2 surface, to avoid charge recombination
between the inorganic semiconductor and the electrolyte (here
I�/I3

�). However, the co-adsorbent strongly competed with all
dyes for TiO2 coverage. To avoid incomplete sensitization,
photoanodes were immersed in dye and co-adsorbent baths
sequentially, rather than having a mixture of both in the same
solution. As a result, an improved trend in solar cell perfor-
mance with the addition of chenodeoxycholic acid was observed
for all sensitizers. The best recorded JV-curves are shown in
Fig. 11a, and their key parameters are summarized in Table 4.
The presented iron sensitizers were further tested with the more
sophisticated redox mediator Co(bpy)3. Despite the allegedly
larger cell voltage, only a fraction of photocurrent (below 0.2 mA
cm�2) was recorded (see Fig. S57†). The reason likely lies in
more rapid electronic recombination from the TiO2 conduction
band to the more recombination-prone one-electron metal
complex redox shuttle.

Upon examination of the photovoltaic characteristics of the
foremost heteroleptic donor–acceptor complex,
[Fe(cpbmi)(dtapbmi)](PF6)2, it becomes apparent that the
performance has increased in comparison to the homoleptic
reference complex [Fe(cpbmi)2](PF6)2. Intramolecular direc-
tionality of frontier orbitals, common to many (metal-)organic
dyes, provides the initial step towards successful charge sepa-
ration.65,66,85 The directional excitation shis the electron
density in the LUMO towards the anchor group, which facili-
tated subsequent injection into the TiO2 conduction band. As
t performing solar cells sensitized with [Fe(cpbmi)2](PF6)2 (reference),
ding Incident-photon-to-current-conversion efficiency (IPCE) spectra

Chem. Sci., 2021, 12, 16035–16053 | 16047
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Table 4 Best solar cell characteristics for cells sensitized with [Fe(cpbmi)2](PF6)2 (reference), [Fe(cpbmi)(dtapbmi)](PF6)2 and
[Fe(cpbmi)(daapbmi)](PF6)2. Open-circuit voltage (Voc), short-circuit current density (Jsc), short-circuit current density obtained from integration
of the IPCE spectrum with respect to the AM1.5G solar spectrum (Jsc,IPCE), fill-factor (FF), power conversion efficiency (PCE) and dye loading are
included (see ESI.10 for details). Average of four devices in parentheses

Dye
VOC
(V)

JSC
(mA cm�2)

JSC,IPCE
(mA cm�2) FF

PCE
(%)

Dye loading
(10�5 mmol cm�2)

[Fe(cpbmi)2](PF6)2 0.466 (0.46 � 0.02) 2.09 (1.9 � 0.2) 2.14 0.752 (0.74 � 0.1) 0.73 (0.63 � 0.07) 22.1
[Fe(cpbmi)(dtapbmi)](PF6)2 0.512 (0.50 � 0.01) 3.52 (3.3 � 0.2) 3.50 0.724 (0.714 � 0.08) 1.31 (1.2 � 0.1) 9.87
[Fe(cpbmi)(daapbmi)](PF6)2 0.416 (0.40 � 0.02) 3.23 (2.7 � 0.4) 2.80 0.694 (0.69 � 0.1) 0.93 (0.8 � 0.2) 6.55
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a result, the solar cell based on the sensitizer
[Fe(cpbmi)(dtapbmi)](PF6)2 reached a maximum incident-
photon-to-current-conversion efficiency (IPCE) of 29% around
500 nm (Fig. 11b). The photocurrent collected at the contacts
increased over 3 mA cm�2 for [Fe(cpbmi)(dtapbmi)](PF6)2
compared to only 2mA cm�2 for [Fe(cpbmi)2](PF6)2. Further, the
potential generated across the TiO2/dye/electrolyte interface
increased by 40 mV to 0.50 V. In consequence, the overall PCE
rises above 1% for this DSSC using the I�/I3

� redox mediator
selected to have minimum recombination losses. The advan-
tage of the push–pull design strategy for Fe dyes over the
homoleptic reference was conrmed by the superior perfor-
mance of also the [Fe(cpbmi)(daapbmi)](PF6)2 dye over
[Fe(cpbmi)2](PF6)2, although the presence of a methoxy group in
the donor ligand greatly reduced its performance compared to
its methyl counterpart. This reduced performance can be
attributed to a large decrease in VOC (0.40 V compared to 0.50 V)
that can not result from a difference in the intrinsic energetics
of the complexes (see Table 2), but is likely due to increased
recombination processes with [Fe(cpbmi)(daapbmi)](PF6)2
compared to [Fe(cpbmi)(dtapbmi)](PF6)2. It is important to
notice that this recombination is on a completely different
timescale than the ultrafast recombination discussed in Section
2.6, this is a slower recombination in competition with the
regeneration process. A possible explanation for this electric
Fig. 12 Electron lifetime (se) measurements for solar cells with (a
[Fe(cpbmi)(dtapbmi)](PF6)2 comparing different concentrations of co-ad
cated data in (b) included chenodeoxycholic acid as in the best-perform
0.7 mM and 1 mM for [Fe(cpbmi)2](PF6)2, [Fe(cpbmi)(dtapbmi)](PF6)2, and

16048 | Chem. Sci., 2021, 12, 16035–16053
potential loss could be derived by the fact that the methoxy
group introduces electrostatic effects around the TiO2/dye/
electrolyte interface.86 A reduction in JSC (2.7 mA cm�2

compared to 3.3 mA cm�2) is also observed, arising from a lower
dye loading of [Fe(cpbmi)(daapbmi)](PF6)2 compared to
[Fe(cpbmi)(dtapbmi)](PF6)2 (see Table 4).

To further investigate the effects of recombination, the life-
times of electrons injected into the TiO2 conduction band were
measured using transient photovoltage measurements (TPV)
(see ESI.10† for experimental details).87,88 In our experiment,
electrons in [Fe(cpbmi)(dtapbmi)](PF6)2-sensitized solar cells
showed the longest lifetime and the highest Fermi level in the
TiO2 conduction band (Fig. 12a). This indicates the best charge
separation across the TiO2/dye/electrolyte interface, which is in
accordance with the photovoltaic data from Fig. 11, especially
the photovoltage. The effect of co-adsorbent chenodeoxycholic
acid on the electron lifetime is shown in Fig. 12b, comparing
the homoleptic dye [Fe(cpbmi)2](PF6)2 and the heteroleptic
push–pull dye [Fe(cpbmi)(dtapbmi)](PF6)2 (data for dye
[Fe(cpbmi)(daapbmi)](PF6)2 in Fig. S56†). The addition of co-
adsorbent chenodeoxycholic acid did hardly inuence the
electron lifetime in case of sensitizer [Fe(cpbmi)2](PF6)2, while
leading to a rise in Fermi level of more than 50 mV and an order
of magnitude longer electron lifetime for its heteroleptic
counterpart [Fe(cpbmi)(dtapbmi)](PF6)2. This effect of a dense
) all investigated sensitizers (b) sensitizers [Fe(cpbmi)2](PF6)2 and
sorbent chenodeoxycholic acid. All measurements in (a) and the indi-
ing devices, mixed into a 0.5 mM sensitizer bath as follows: 0.4 mM,
[Fe(cpbmi)(daapbmi)](PF6)2 respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and effective shielding as well as the charge-separating push–
pull sensitizer/co-adsorbent monolayer explains the high PCE of
1.3% obtained. The relatively short electron lifetime for devices
with [Fe(cpbmi)(daapbmi)](PF6)2 is possibly caused by slow dye
regeneration of the oxidized dye by iodide, leading to more
electron recombination to the oxidized dye than for the other
dyes. This agrees with the ns-TA measurements, where
[Fe(cpbmi)(daapbmi)](PF6)2 showed the slower regeneration
dynamics.

3. Conclusion

In this paper, the design, synthesis and characterisation of four
new iron–carbene complexes stemming from the parent
complex [Fe(pbmi)2](PF6)2 and reference complex
[Fe(cpbmi)2](PF6)2 are reported. The design strategy of hetero-
leptic push–pull complexes as photosensitizers in DSSCs was
realized in the complexes [Fe(cpbmi)(dtapbmi)](PF6)2 and
[Fe(cpbmi)(daapbmi)](PF6)2, containing aniline and carboxylic
acid moieties. The heteroleptic complexes were synthesized
using a statistical synthetic methodology. The rst crystal
structures of heteroleptic six-coordinated iron NHC complexes
were obtained, revealing that the geometry around iron did not
change much compared to the two corresponding homoleptic
complexes [Fe(dtapbmi)2](PF6)2 and [Fe(daapbmi)2](PF6)2. A
buffer system was developed allowing to study the carboxylic
acid containing iron NHC complexes in their neutral proton-
ated form over a range of concentrations at constant ionic
strength. Rewardingly, the molecular design resulted in
a directional excitation of the complexes, with broader
absorption spectra than the reference complex [Fe(cpbmi)2](-
PF6)2. For the heteroleptic complexes it was established, by the
localization of the LUMO and the rst reduction, that the
excited electron was mainly localized to the anchor group-
containing cpbmi-ligand. Injection was proven by transient
absorption spectroscopy and by working solar cells.

With [Fe(cpbmi)(dtapbmi)](PF6) as the photosensitizer in
a solar cell, a power conversion efficiency of 1.3% was obtained.
By only adding the co-sensitizer chenodeoxycholic acid, the
solar cell performance of the new generation heteroleptic
sensitizer outcompeted the rst generation homoleptic refer-
ence complex [Fe(cpbmi)2](PF6)2 which has already been subject
to several rounds of optimization. This implies that the direc-
tional excitation introduced by the here presented novel design
and the push–pull effect is capable of yielding better solar cell
performance. The addition of chenodeoxycholic acid helps the
charge-separation in the dye molecules by improving their
alignment and separation between them, thus prolonging the
electron lifetime in TiO2. The slower regeneration dynamics of
the heteroleptic complexes with the redox mediator (6–8 ms
compared to 0.5 ms for reference complex [Fe(cpbmi)2](PF6)2)
potentially resulting from a lower driving force in the former
case, also indicates that further optimization of the solar cell
performance is viable.

The time-resolved spectroscopy suggests that even though
injection occurs faster than 100 fs, it also undergoes ultrafast
recombination already at the sub-ps timescale. The ultrafast
© 2021 The Author(s). Published by the Royal Society of Chemistry
recombination between the resulting oxidized dye and the
injected electron is the core reason that only �10% of the
initially excited molecules yield injected electrons accessible for
the DSSC operation. This process serves as the main limitation
to the solar cell performance and should be targeted for future
dye design strategies. The solar cell performance of
[Fe(cpbmi)(dtapbmi)](PF6)2 and not [Fe(cpbmi)(daapbmi)](PF6)
is the best obtained in this report, despite the larger fraction of
long-lived injected electrons for [Fe(cpbmi)(daapbmi](PF6)2.
This is tentatively attributed to the fact that
[Fe(cpbmi)(daapbmi)](PF6)2 has slightly worse dye loading
compared to [Fe(cpbmi)(dtapbmi](PF6)2, and more efficient
slow timescale (>ms) recombination competing with the regen-
eration. Having identied these important limitations, the
results for the new push–pull complexes introduced in this
study and the comparison to the reference photosensitizer
constitute nevertheless an important step forward in the
continued hunt for competitive earth-abundant
photosensitizers.
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S. M. Zakeeruddin, R. Humphry-Baker, P. Comte, et al.,
Engineering of Efficient Panchromatic Sensitizers for
Nanocrystalline TiO2 -Based Solar Cells, J. Am. Chem. Soc.,
2001, 123(8), 1613–1624, DOI: 10.1021/ja003299u.

21 C.-Y. Chen, M. Wang, J.-Y. Li, N. Pootrakulchote,
L. Alibabaei, C. Ngoc-le, et al., Highly Efficient Light-
Harvesting Ruthenium Sensitizer for Thin-Film Dye-
Sensitized Solar Cells, ACS Nano, 2009, 3(10), 3103–3109,
DOI: 10.1021/nn900756s.

22 S. Shalini, R. Balasundaraprabhu, T. S. Kumar,
N. Prabavathy, S. Senthilarasu and S. Prasanna, Status and
outlook of sensitizers/dyes used in dye sensitized solar
cells (DSSC): a review, Int. J. Energy Res., 2016, 40(10),
1303–1320, DOI: 10.1002/er.3538.

23 A. K. Pal and G. S. Hanan, Design, synthesis and excited-state
properties of mononuclear Ru(II) complexes of tridentate
heterocyclic ligands, Chem. Soc. Rev., 2014, 43(17), 6184–
6197, DOI: 10.1039/C4CS00123K.

24 P. Persson and M. J. Lundqvist, Calculated Structural and
Electronic Interactions of the Ruthenium Dye N3 with
a Titanium Dioxide Nanocrystal, J. Phys. Chem. B, 2005,
109(24), 11918–11924, DOI: 10.1021/jp050513y.

25 E. Krawczak, Dye Photosensitizers and their Inuence on
DSSC Efficiency: a Review, IAPGOS, 2019, 9(3), 86–90, DOI:
10.35784/iapgos.34.

26 N. A. Anderson and T. Lian, Ultrafast Electron Transfer at the
Molecule-Semiconductor Nanoparticle Interface, Annu. Rev.
Phys. Chem., 2005, 56(1), 491–519, DOI: 10.1146/
annurev.physchem.55.091602.094347.
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