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Replacing noble metals in photocatalytic systems by their abundant counterparts to enhance sustainability

aspects is the focus of current research. Iron is still a dream candidate despite the usually short lifetimes

of photoactive states. The multichromophoric approach, where an organic chromophore with a long

triplet lifetime acts as an excited state reservoir when connected to an iron complex, is a highly promising

strategy that has gained attention recently. This effect cannot be realized by direct covalent connection of

organic chromophores to the FeIII complex [Fe(ImPH)2][PF6] (HImPH = 1,1’-(1,3-phenylene)bis(3-methyl-

1-imidazol-2-ylidene)) due to highly delocalized states enabling fast relaxation pathways. In this work, we

present the effect of the shortest aliphatic chain bridge, i.e., methylene, on the electronic state decoupling

in complexes combining the base complex [Fe(ImPH)2][PF6] with both phenyl and anthracenyl moieties as

chromophoric entities. Chromophore connection to [Fe(ImPH)2][PF6] was realized at the central phenyl

ring and on the imidazole sides, resulting in four multichromophoric complexes. A thorough ground and

excited state characterization was carried out in addition to extensive DFT calculations. The results clearly

show an efficient decoupling utilizing the smallest possible space in a methylene bridge, realizing a reser-

voir effect for the anthracenyl-substituted complexes leading to excited state lifetimes beyond 5 ns.

Introduction

The replacement of precious metals like ruthenium and
iridium with more abundant 3d transition metals in photo-
active complexes is a highly active research field.1–4 Iron is one
of the dream candidates due to its abundance, but the realiz-
ation of active state lifetimes that can potentially be used for
photochemical applications requires creative approaches.5–7

The application of the reservoir effect, which has been
known for around two decades in other transition metal
complexes,3,8,9 opens a new, promising method for tuning the
lifetime of iron complexes.6,7,10 It combines the advantages of
organometallic and organic chromophores by integrating both
units into one molecule.

Many organic chromophores show triplet excited states
with long lifetimes but lack a large absorption cross section in
the visible range and efficient intersystem crossing (ISC) from
the optically excited singlet state to the triplet manifold.11

Transition metal complexes, on the other hand, often undergo

complete ISC and exhibit strong visible light absorption.2

However, especially first-row transition metal complexes suffer
from short-lived excited charge transfer (CT) states. Therefore,
after optical excitation of the CT state on the organometallic
part and subsequent ISC, the excited state population can be
transferred to the triplet chromophore state 3Chrom. When
the excited state energies of the chromophore and the metal
complex are similar, a reservoir effect in the form of an equili-
brium between both states is possible.8,12 The consequence is
an extended metal-centred charge transfer state lifetime due to
the long lifetime of the 3Chrom state.13

In a previous study, a series of FeIII complexes with
different chromophores directly attached to a C^C^C ligand
([Fe(ImPChrom)2][PF6], where HImPChrom = 1,1′-(5-(chromo-
phore)-1,3-phenylene)bis(3-methyl-1-imidazol-2-ylidene),
chromophore = phenyl, naphthyl, anthracenyl, and pyrenyl)
was investigated.14 While it was possible to tune the absorp-
tion cross section of the complex, a reservoir effect was not
observed. In contrast to the initial idea, the chromophore sig-
nificantly quenched the lifetime of the ligand-to-metal charge
transfer state (2LMCT). This effect is caused by strong elec-
tronic coupling between the organic chromophore and the
iron complex in the excited state.

Recently, the importance of electronic decoupling in
bichromophoric complexes was demonstrated by Wenger
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et al.3 They achieved decoupling by introducing a meta-substi-
tuted phenylene between the ImP ligand and the anthracenyl
group. This led to an excited state lifetime of 1.4 ns for unmo-
dified anthracenyl, which could be boosted to almost 100 ns
by the introduction of a second anthracenyl moiety and
excited state tuning by replacing anthracenyl with 9-cyano-
anthracenylene, proving the viability of utilizing the reservoir
effect in iron complexes. The scientific interest in this combi-
nation of the Fe photosensitizer (PS) with organic chromo-
phores is underlined by a second recent publication by Troian-
Gautier et al., who utilized a different Fe(III) complex substi-
tuted with an anthracenyl chromophore.6 While an equili-
brium between the 2LMCT and 3Chrom states was not
achieved, they observed mono-directional energy transfer into
a dark 3Chrom state with a lifetime of more than 10 µs.

In this work, we explore a novel decoupling approach by
application of the smallest possible ‘spacer’ between the FeIII

base complex C0 ([Fe(ImP)2][PF6])
4 and the chromophoric

phenyl and anthracenyl fragments in the form of a methylene
bridge. This substitution is achieved at two positions of the
base complex. By substitution in the backbone of the central
phenylene, complexes analogous to the aforementioned [Fe
(ImPChrom)2]

+ complexes are obtained, further referred to as
[Fe(Im2PPh)2]

+ and [Fe(Im2PAnt)2]
+ (see Scheme 2). A second

set of complexes was realized by substitution of the
N-imidazole methyl groups for methylene-chromophore
groups, referred to as [Fe((ImPh)2P)2]

+ and [Fe((ImAnt)2P)2]
+

(see Scheme 1). As a result, an effective electronic decoupling
between the iron complex and the chromophore could be
achieved in the excited state and a reservoir effect could be
observed via these simple methylene bridges.

Results
Synthesis

Four FeIII complexes with methylene bridge connected
chromophores were synthesized following two synthetic routes
(see Schemes 1 and 2). Anthracenyl and phenyl chromophores
were utilized. Anthracene exhibits a triplet energy of 1.84 eV,15

slightly lower than the LMCT energy of the base complex C0
(1.90 eV),4 and should therefore be a suitable candidate to
realize a reservoir effect. The phenyl chromophore is used for

comparison as the reference chromophore with a non-match-
ing triplet state energy (3.66 eV).15

The two complexes with modified imidazole groups
(Scheme 1), with a total of four chromophores each, were
obtained by first synthesizing 1 from 1,3-dibromobenzene using
imidazole through an Ullmann-style coupling.16 The imidazole
moieties were then reacted with either bromotoluene or 9-(chlor-
omethyl)anthracene to obtain 2-Ph and 2-Ant, respectively. By
the application of a well-established synthetic route for cyclome-
talated iron complexes via an intermediate Zr-complex,17 the
desired complexes [Fe((ImPh)2P)2]

+ and [Fe((ImAnt)2P)2]
+ were

obtained. After the synthesis, [Fe((ImAnt)2P)2]
+ was observed to

decompose under irradiation, resulting in a free anthracene
species (cf. the SI, Fig. S1). While this complicated the character-
isation, it was still possible to obtain satisfactory results by utiliz-
ing fresh samples for each measurement.

The backbone-substituted complexes, with a total of 2
chromophores in the backbone, were obtained by a different
synthetic approach (Scheme 2). The ligand precursors 3-R were
synthesized following a procedure reported by Young et al.18

While this route was published for 3-Ph, only minor modifi-
cations (see the SI) in the procedure were necessary for 3-Ant.

First, 1,3,5-tribromobenzene was lithiated and subsequently
reacted with either phenyl or anthracenyl carboxaldehyde. The
resulting intermediate alcohols were reduced with triethyl-
silane in the presence of BF3OEt2 to obtain products 3-R.
These were then converted to the proligands following the pre-
viously shown route, where an Ullmann-style coupling was fol-
lowed by alkylation with methyl iodide instead of the chromo-
phore, methylene halides, to obtain 5-R. In the final step, the
[Fe(Im2PPh)2]+ and [Fe(Im2PAnt)2]+ complexes were obtained
via the same complexation procedure as shown above.

Ground and excited state characterization

After several crystallization attempts, the obtained single crys-
tals of these complexes were not suitable for the publication of
crystallographic data, but we were able to prove connectivity of
the backbone-substituted species (cf. the SI, Fig. S2). All com-

Scheme 1 Synthetic route for the complexes [Fe((ImR)2P)2]
+ from 1,3-

dibromobenzene.

Scheme 2 Synthetic route for the synthesis of the complexes [Fe
(Im2PR)2]

+ from 1,3,5-tribromobenzene.
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plexes were instead identified by a combination of HR mass
spectroscopy, NMR analysis, and elemental analysis. The elec-
tronic ground and excited states were investigated using a wide
array of analytical methods and ab initio calculations.

The chemical shifts in NMR spectroscopy serve as a first
indicator for the success of electronic decoupling of the base
complex and chromophore moieties. Since the investigated
complexes are paramagnetic, a deviation alternating between
negative and positive changes from the typical chemical shift
in diamagnetic complexes is expected due to a continued elec-
tron polarization starting from the unpaired electron at the
FeIII centre.19 This effect is shown in Fig. 1, which displays the
deviation of the 13C-NMR shifts in [Fe(Im2PPh)2]

+ from a
typical value of 130 ppm for aromatic carbons.20 The shifts are
compared to those observed in the previously published [Fe
(ImP-Ph)2]

+.14 The two complexes differ only in the bridging
methylene group.

While the carbons located at the central ImP ligand (C1 to
C3) show essentially equal shifts in both complexes, this trend
clearly subsides after the first carbon of the attached pheny-
lene (C5): C6 to C8 in the “spacerless” complex retain a signifi-
cant deviation from the typical 130 ppm, showing the coupling
of the phenyl group with the paramagnetic complex. In con-
trast, these carbons show shifts in the expected range for aro-
matic carbons in [Fe(Im2PPh)2]

+, indicating a missing influ-
ence of the unpaired electron on the FeIII. Thus, an efficient
electronic decoupling of the phenyl moiety from the central
complex part is concluded. The strong deviation observed for
the shift of C5 can be explained by hyperconjugation through
the bridging methylene group. A similar trend is observed for
[Fe((ImPh)2P)2]

+; however, this trend is less clear, since the
paramagnetic effect on NMR resonances is generally lower in
the imidazolyl groups (see SI Fig. S3). This electronic decou-
pling is also apparent for the anthracene-substituted com-
plexes. Since the corresponding anthracene complex with a

directly conjugated anthracene moiety in the backbone is
already decoupled in the ground state due to a high dihedral
angle that only planarizes upon excitation,14 a similar com-
parison to that in Fig. 1 for [Fe(Im2PAnt)2]

+ is not possible.
To provide deeper insight into the underlying electronic

structure of the complexes, DFT-optimized molecular geome-
tries of the four complexes were obtained by predicting a dis-
torted octahedral structure in the electronic ground state (2GS)
for all complexes. These calculated structures are in good
agreement with the single-crystal XRD results we were able to
obtain for [Fe(Im2PPh)2]

+ and [Fe(Im2PAnt)2]
+ (see Fig. S2). A

closer examination of the spin density in the optimized
ground state (see Fig. 2) reveals that spin polarization extends
across the entire base complex, while the chromophores them-
selves exhibit almost no spin density. This observation agrees
with the results obtained from NMR spectroscopy, which show
little influence of the unpaired electron of the FeIII centre on
the chromophore. Consequently, the postulated decoupling of
the chromophores from the central complex moiety is sup-
ported by the calculations, which is an important aspect for
the realization of a reservoir effect.

The ground state oxidation and reduction potentials were
analysed via cyclic voltammetry. The resulting voltammograms
are shown in Fig. 3. All complexes show the same three redox
processes as the unsubstituted base complex C0:4,21 an FeIII/IV

transition around 0 V, an FeII/III transition below −1 V and a
ligand oxidation around 1 V. While the iron redox processes
are reversible, the oxidation of ligands exhibits only partial
reversibility for the phenyl-substituted complexes and no rever-
sibility for the anthracenyl-substituted complexes as previously
observed for the directly substituted complexes.14 Additionally,
the anthracene containing complexes exhibit ligand oxidation
at slightly smaller potentials, as is expected for larger

Fig. 1 Absolute deviation from the expected chemical shift in 13C-NMR
spectroscopy. The central phenyl carbons C1–C3 and backbone
carbons C5–C7 of the two complexes [Fe(ImP-Ph)2]

+ and [Fe(Im2PPh)2]
+

are referenced against a roughly expected value of 130 ppm. In addition,
the bridging carbon C4 only present in [Fe(Im2PPh)2]

+ is depicted and
referenced against 30 ppm.20

Fig. 2 Spin density plots of [Fe(Im2PPh)2]
+, [Fe(Im2PAnt)2]

+, [Fe
((ImPh)2P)2]

+ and [Fe((ImAnt)2P)2]
+ (from left to right).
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π-systems, which are more suited to stabilizing the introduced
positive charge. The oxidation of anthracene occurs at similar
oxidation potentials.22 The corresponding values are listed in
Table 1.

The metal redox potentials seem to be primarily influenced
by the substitution position. The backbone-substituted com-
plexes show virtually identical oxidation/reduction potentials,
whereas those of the side-substituted species are shifted to
higher potentials. [Fe((ImPh)2P)2]

+ shows potentials shifted by
0.1 V (FeIII/IV) and 0.06 V (FeII/III) compared to [Fe(Im2PPh)2]

+.
This effect is amplified by the anthracene substituent, where
[Fe((ImAnt)2P)2]

+ shows potentials shifted by 0.21 V (FeIII/IV)
and 0.16 V (FeII/III) compared to [Fe(Im2PAnt)2]

+. The origin of
these counterintuitive shifts is not yet clear. However, similar
results were found for an analogous Co(III) complex.23

Stationary absorption and emission spectra

The electrochemical properties provide insight into the elec-
tronic environment of the complexes, which also influences
their optical behaviour. To further understand these effects,
the electronic transitions were investigated via UV/vis and fluo-

rescence spectroscopy. The near UV and visual range, as shown
in Fig. 4, can be divided into three distinct absorption ranges,
which can be assigned by comparison with similar previously
published systems and TD-DFT calculations (vide infra).4

Below 300 nm, π–π*-transitions lead to strong absorption,
especially for the anthracene-substituted complexes. Between
300 and 500 nm, mainly MLCT transitions are located, as was
observed for similar complexes.14 However, for the anthrace-
nyl-substituted complexes, this absorption is masked by a
strong characteristic absorption band corresponding to the
singlet anthracene absorption.24 This absorption band is just
slightly shifted from the corresponding band in free anthra-
cene since the methylene spacer largely prevents excited states
involving both parts of the ligand (anthracenyl and bisimida-
zole phenylene). This is apparent when combining the base
complex spectrum with the free anthracene spectrum multi-
plied by 2 or 4 depending on the number of chromophores in
the complex, as shown in the SI (Fig. S4).

In addition to the literature comparison, vertical transitions
of the optimized geometries in the UV/vis range were calcu-
lated using the B3LYP functional25 and compared to the
experimental spectra, supporting our band assignments. In
Fig. 5, the spectra of the backbone-substituted complexes are
shown, while those of the side-substituted complexes are
shown in the SI (Fig. S15). Additionally, transition density ana-
lysis was performed to identify the involved orbitals in the
different transitions. The calculated spectra of the complexes
with phenyl substituents are in good agreement with the
experimental data, while those of the anthracene-containing
complexes are less well reproduced. This discrepancy is mainly
attributed to the fact that TD-DFT is not taking vibronic pro-
gression into account, which is responsible for the typical
absorption structure of anthracene.26 The band in the range of
300–400 nm exhibits a mixed character. The most intense tran-
sition, centred around 340 nm for all complexes, is predomi-
nantly MLCT in nature involving acceptor orbitals, which
mostly comprise the ImP ligand excluding the chromophores.

Fig. 3 Cyclic voltammograms of the four investigated complexes in
MeCN with 0.1 M [nBu4N][PF6] at a scan rate of 0.1 V s−1. The complexes
were measured at a concentration of 1 mmol l−1. The side-substituted
anthracene complex was significantly less soluble and was measured at
0.3 mmol l−1. To improve readability, the measured current was scaled
by a factor of 1.5.

Table 1 Redox potentials of the investigated complexes in MeCN

FeII/III [V] FeIII/IV [V] Lig. oxidation [V]

[Fe(Im2PPh)2]
+ −1.18 −0.01 1.15

[Fe((ImPh)2P)2]
+ −1.12 0.09 1.32

[Fe(Im2PAnt)2]
+ −1.19 −0.04 0.87, 1.20a

[Fe((ImAnt)2P)2]
+ −1.03 0.17 1.09b

C0 (ref. 4) −1.16 0.08 1.31b

a For [Fe(Im2PAnt)2]
+, a rather broad oxidation peak was observed,

revealing two separate oxidation states in square wave voltammetry
results listed here. b For the oxidation of ligands in the anthracene
complexes, the anodic potential is listed.

Fig. 4 UV-vis absorption spectra of all complexes and the base
complex C0 (c = 10−5 M) in MeCN.
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Additionally, ligand-centred (LC) transitions located within the
ImP framework contribute to this band. In the anthracenyl-
substituted systems, a significant portion of the absorption
also arises from purely chromophore-based LC transitions.
While these transitions are predicted by the calculations at
around 460 nm, they can be associated with the experimentally
observed band in the 300–400 nm range, suggesting a slight
underestimation of their energy in the computational results.

The low-energy band at around 600–650 nm is identified as
a ligand-to-metal charge transfer (LMCT) band in the central
complex moiety, consistent with the experimental observations
discussed earlier and calculations for similar systems.4,14 For
the anthracene-containing complexes, the calculations predict
that this band also exhibits a slight anthracene-based LMCT
character. Due to the increased number of chromophores, this
character is especially visible in [Fe((ImAnt)2P)2]

+.
The UV/Vis calculations only account for spin-allowed exci-

tation. However, indirect insights into the energetic alignment

can be obtained. For the anthracenyl-containing complexes,
chromophore-based transitions appear close in energy to the
LMCT band (600–650 nm). This suggests that the corres-
ponding chromophore state is also in this range, facilitating a
reservoir effect. In contrast, the phenyl-substituted complexes
exhibit chromophore-based transitions at much higher ener-
gies, implying that the energy of the triplet states is too high to
efficiently interact with the LMCT state. Further support comes
here from the calculated ground state orbital energies (Fig. 6),
which reveal that the energy gap between the HOMO and the
LUMO of the anthracene-based chromophore is comparable to
that of the LUMO of the base complex ligand and the HOMO
of the metal.

The much stronger experimental absorptivity of [Fe
((ImAnt)2P)2]

+ (ε368nm = 4.5 × 104 M−1 cm−1) compared to [Fe
(Im2PAnt)2]

+ (ε368nm = 2.7 × 104 M−1 cm−1) is due to the
increased number of organic chromophores (four instead of
two). The characteristic anthracene bands are only slightly
shifted compared to free anthracene,27 indicating an effective
electronic decoupling of the chromophore from the complex.
The MLCT bands observed in the phenyl-substituted com-
plexes are also not notably shifted, with only a slight enhance-
ment in intensity in the case of [Fe(Im2PPh)2]

+ compared to
C0. This observation further underlines the limited influence
of the methylene-bridged chromophore on MLCT transitions.
The bands above 500 nm are dominated by LMCT transitions.
Here, the same trends as for the MLCT bands are obvious.
While the side-substituted complexes show no changes in
extinction coefficients or band positions, the backbone-substi-
tuted complexes show virtually no changes in extinction coeffi-
cients. This contrasts with the complexes that contain a
chromophore directly linked to the iron complex. They show a
larger influence of the chromophore backbones on the MLCT
and LMCT states.14 In conclusion, the absorption properties of
the decoupled complexes are less favourable when compared
to direct connection and conjugation. However, this reduced
interaction is an expected side effect of the desired decoupling,
considered as a prerequisite for the reservoir effect.

Efficient decoupling of the chromophores from the com-
plexes is also observable in stationary emission spectroscopy.
For this, all complexes were excited at 350 nm (MLCT range).

Fig. 5 Experimental and TD-DFT-calculated UV-vis spectra (broadened
with a full-width at half maximum (FWHM) of 2000 cm−1) of [Fe
(Im2PPh)2]

+ and [Fe(Im2PAnt)2]
+. LC refers to electronic transitions

where the charge remains localized within the same part of the ligand
(base complex ligand or chromophore), whereas ILCT (intra ligand
charge transfer) describes charge transfer between different regions
within the same ligand.

Fig. 6 DFT (B3LYP) calculated ground state orbital energies of all four
complexes.
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As observed for similar complexes before, this leads to an
emission from the LMCT state above 650 nm following
Kasha’s Rule.28 This relaxation from 2MLCT to 2LMCT was pre-
viously reported and investigated in more depth after an orig-
inally reported dual emission was shown to be erroneous. The
lifetime of this 2MLCT state for C0 is smaller than 10 ps and
was not investigated for the systems presented here.29 The
high extinction coefficients in this range enable a stronger
emission signal. To confirm the nature of the present emis-
sion, additional emission spectra after excitation at 600 nm
(LMCT range) leading to the same emission bands are pre-
sented in the SI (Fig. S5). All complexes show a similar LMCT
emission to C0, with maxima between 700 and 750 nm, as
shown in Fig. 7.

Consequently, even after optical excitation, the electroni-
cally excited states remain largely decoupled due to the brid-
ging methylene group. Therefore, energetically low-lying mixed
states are prevented, which would result in a fast non-radiative
decay, as is the case for the complexes with a directly substi-
tuted chromophore.14 As a reminder, among such complexes
with direct connection between the iron complex and chromo-
phores, only those functionalised with phenyl and naphtha-
lene showed a comparable LMCT emission to C0 due to their
high triplet energy. However, pyrene- and anthracene-functio-
nalised complexes resulted in a significantly weakened and
redshifted LMCT emission due to the formation of a “superli-
gand” LMCT state, delocalized over the whole complex.

Instead, the emission of the anthracene-substituted com-
plexes in this study is only weakened, as is apparent from the
non-normalized emission spectra in the SI (Fig. S5). To a
lesser extent, the side-substituted complexes exhibit weaker
emission than their backbone-substituted counterparts,
leading to the emission intensity order [Fe(Im2PPh)2]

+ > [Fe
((ImPh)2P)2]

+ > [Fe(Im2PAnt)2]
+ > [Fe((ImAnt)2P)2]

+.
Additionally, the side-substituted complexes have slightly red-
shifted emission maxima, which may relate to the shifted
potentials observed in cyclic voltammetry (vide supra).

The anthracene-substituted compounds also exhibit singlet
anthracene emission, as shown in SI Fig. S5. As stated in a pre-
vious publication, a likely explanation for this emission is a
minor impurity of free anthracene that leads to a strong effect
on the emission spectra due to the high quantum yield of
anthracene.14 Because of its very low concentration and the
wavelength of the emission, we do not expect this to interfere
with any other measurements done in this study.

Since the emission intensity of the reservoir-enabled com-
plexes relies on thermal energy for a back transfer to the
LMCT state, all complexes were investigated in low-tempera-
ture emission spectroscopy (see the SI, Fig. S6). Both phenyl
complexes exhibit emission significantly increased by a factor
of 10 when cooled to 77 K with two maxima at around 675 nm
and 740 nm, due to the vibronic fine structure of the LMCT
state. While an increase in emission intensity is also apparent
for [Fe(Im2PAnt)2]

+, the effect is weaker by a factor of 5 com-
pared to room temperature measurements. This weaker emis-
sion intensity enhancement is due to the back transfer from
the 3Chrom state to the 2LMCT state being inhibited at low
temperatures. Since many excited electrons never enter the
3Chrom state and instead relax into the ground state immedi-
ately, the emission is still enhanced, albeit to a lesser extent.
This increase in emission intensity is even weaker for [Fe
((ImAnt)2P)2]

+ by a factor of about 2, which is presumably the
result of the increased number of anthracene units, accelerat-
ing the quenching of the LMCT state. Due to the generally
weak emission of these compounds, an increasing baseline
with lower temperatures and scattering from the frozen butyro-
nitrile affect these measurements significantly, as can be seen
in Fig. S6 in the SI. However, the general trend of an increasing
emission intensity is still apparent.

Time-resolved emission measurements

The temporal evolution of the LMCT emission was studied
using a streak camera and TCSPC measurements for all four
complexes. The results obtained for [Fe(Im2PAnt)2]

+ are shown
in Fig. 8, and all other data on the emission dynamics are pre-
sented in the SI (Fig. S6 and S7). For [Fe(Im2PPh)2]

+ and [Fe
((ImPh)2P)2]

+ excited in the LMCT absorption band at 600 nm,
a monoexponential decay of the fluorescence with a time con-
stant of 0.19 and 0.20 ns, respectively, is found. These values
are close to the LMCT lifetime of the base complex C0 (0.24
ns), pointing to a similar relaxation cascade.

Conversely, the anthracene-functionalized complexes show
very distinct photodynamics. The emission is weaker (Fig. S7)
and exhibits time zero contributions caused by scattering of
the excitation light. After a pronounced signal drop within the
experimental time resolution, a part of the LMCT emission
remains and decays monoexponentially with a time constant
of 5.3 ns. These findings are shown in the bottom graph of
Fig. 8 by the amplitude spectra of the fast and monoexponen-
tially decaying component, which are obtained by a global life-
time analysis described below. The spectrum of the 5.3 ns
component resembles the stationary emission spectrum very
well, strongly indicating that it is due to emission from the

Fig. 7 Emission spectra of all investigated complexes excited at
350 nm. The emission spectra are normalized for improved comparabil-
ity. All spectra were measured in MeCN (10−5 M).
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LMCT state. If the emission originated from anthracene, the
characteristic vibrational structure of the anthracene fluo-
rescence would be expected at shorter wavelengths.30 Thus, a
significant contribution of anthracene fluorescence can be
excluded. The fast component is dominated by scattered exci-
tation light around 600 nm.

The results show that the lifetime of the excited state popu-
lation is extended to several nanoseconds in the anthracenyl-
substituted complex [Fe(Im2PAnt)2]

+. However, most of it does
not reside in the LMCT state, since the LMCT emission is not
very intense. This observation indicates that another state
operates as a reservoir for the excited state population. The
local triplet state of the chromophore is a natural candidate, as
it has a suitable energy and a very long lifetime. This is further
investigated in the transient absorption studies (vide infra).

Time-resolved emission was measured using time-correlated
single photon counting (TCSPC), which exhibits a higher
dynamic range, but a reduced spectral resolution compared to
streak camera measurements, reproduced the results obtained
with the latter, see Fig. S9 in the SI.

The emission of [Fe((ImAnt)2P)2]
+ shows a very similar

behaviour to that of [Fe(Im2PAnt)2]
+, see Fig. S6 and S7 for the

corresponding measurements with the streak camera and
their evaluation. Again, the emission at time zero is dominated
by scattered excitation light and drops immediately after the
optical excitation. Thereafter, weak emission from the LMCT
state with a lifetime of 4.4 ns is observed. Interestingly, a
similar system with anthracene as the reservoir was recently
reported by Wenger et al. with a lifetime of 1.4 ns.7 Instead of
a methylene bridge, a meta-substituted phenyl spacer was uti-
lized to achieve electronic decoupling. Additionally, chromo-
phores with lower triplet state energies were utilized to match
(9-phenyl anthracene at 5.2 ns) or exceed (9-cyano-anthracene
at 45 ns for two chromophores and 98 ns for four chromo-
phores) the lifetimes reported here.

Ultrafast transient absorption measurements

To investigate the photo-induced dynamics of the complexes
with higher time resolution and to characterize the nature of
the reservoir state, ultrafast transient absorption (TA) measure-
ments were conducted. The phenyl-functionalized complexes
exhibit similar TA signatures and dynamics to those of the
base complex [Fe(ImP)2]

+. Therefore, only the results for [Fe
(Im2PPh)2]

+ are presented here, while those for [Fe
((ImPh)2P)2]

+ are shown in the SI (Fig. S11). The TA spectra, as
shown in Fig. 9A, are dominated by an excited state absorption
(ESA) signal, representing the absorption of the excited states.
Similar to C0,4 the ESA signal builds up with the experimental
time resolution and decays within a few hundred picoseconds.
Due to the high concentration necessary for excitation in the
LMCT band and the resulting strong sample absorption in the
near ultraviolet (UV), it was not possible to record TA signals
in the UV region. Therefore, only a part of the ESA band in the
visible spectra could be studied. The ESA dominates the TA
signal and covers the ground state bleach (GSB). In Fig. 9C, the
spectral shape and position of the GSB are indicated in violet
based on the stationary absorption spectra. The TA data ΔOD
(λ,t ) were globally analysed by fitting a sum of exponential
decay components to the transient spectra following the func-
tion in section 7 in the SI.

An overview of the time constants obtained from this global
lifetime analysis (GLA) can be found in Table 2, while the DAS
are shown in the corresponding figures. For both phenyl-sub-
stituted complexes, two time constants were necessary to
describe the evolution of the TA spectra, with one time con-
stant being effectively infinite. In both cases, the contributions
associated with the infinite time constant were minimal and
are assumed to be artifacts of the measurements. The shorter
time constants correspond to the LMCT lifetimes and were
determined as 190 ps for [Fe(Im2PPh)2]

+ and 180 ps for [Fe
((ImPh)2P)2]

+. The corresponding decay associated spectra

Fig. 8 Time-resolved emission of [Fe(Im2PAnt)2]
+ dissolved in MeCN

after optical excitation at 600 nm. Top: time trace of the spectrally inte-
grated emission intensity (int. in total counts, black dots) together with a
double exponential fit. The short time constant of the fit is below the
time resolution of the measurement, and the corresponding signal con-
tribution can be regarded as practically instantaneous. Middle: two-
dimensional plot of the time-resolved emission intensity. Bottom:
decay-associated amplitude spectra (DAS) resulting from a global life-
time analysis of the dataset with two exponential decay components.
For comparison, the stationary emission spectrum is shown (grey area).
The y-axis has a logarithmic scale above a break at 3 arbitrary units (arb.
u.) to enable a plot including the high-intensity areas.
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(DAS) are shown in Fig. 9C and Fig. S11C in the SI. The associ-
ated Jablonski diagram, see Scheme 3, illustrates that the com-
plexes are excited from the ground state into the 2LMCT state.

Excitation of the 2MLCT band leads to population of the
same state through internal conversion, as is evident from the
same emission occurring after excitation of either band. The
LMCT state decays directly back into the ground state with a
lifetime given by the time constant τ1.

This reduction in lifetime may be due to steric effects
induced by different geometries ([Fe((ImPh)2P)2]

+) or electron
pushing effects of the methylene spacer ([Fe(Im2PPh)2]

+). This
difference is apparent, albeit small, when comparing the
crystal structures of C0 with the optimized geometries of these
compounds in Table 3.

Next, the TA spectra of the complexes with anthracene as
the substituent were analysed. Both complexes, [Fe
(Im2PAnt)2]

+ and [Fe((ImAnt)2P)2]
+, exhibit similar dynamics,

which differ from those of the basic and the phenyl-substi-
tuted complexes. As before, only the results for [Fe(Im2PAnt)2]

+

are presented here, while those for [Fe((ImAnt)2P)2]
+ are pre-

sented in the SI (Fig. S13A). After optical excitation, the TA
spectra are dominated by a broad ESA band (Fig. 10A), similar
to those of the other complexes, covering the ground state
bleach. As before, the spectral shape and position of the GSB
is indicated in grey based on the stationary absorption spec-
trum. However, after a few picoseconds, a new, narrow band
with a sharp maximum around 425 nm emerges. This band
results from the local 3ππ* state of anthracene, as evidenced by
a comparison with the triplet–triplet absorption of dissolved
anthracene,31 as well as with the transient spectra of an
anthracene-functionalized ruthenium complex.32 At the same
time, the initial ESA contributions in the visible range disap-
pear. The remaining ESA signal is highly persistent, with a life-
time exceeding the maximum delay time of 1.8 ns accessible
with the present setup. Additionally, the TA spectra of the
samples display two isosbestic points. For [Fe(Im2PAnt)2]

+, the
isosbestic points are located at approximately 415 nm and
430 nm, while for [Fe((ImAnt)2P)2]

+, they are at approximately
415 nm and 435 nm. These isosbestic points suggest a
straightforward population transfer without intermediate
steps. To exclude other possible processes, we compared our
results with the TA signature of singlet anthracene33 and exam-
ined the stationary absorption spectra of the anthracene cation
and anion.34 This analysis allows both the population of the
electronically excited singlet state of anthracene and any sig-
nificant charge transfer to or from anthracene to be ruled out.
Thus, the excited state population is at longer delay times in

Fig. 9 (A) TA spectra of [Fe(Im2PPh)2]
+ in MeCN at different times t

after optical excitation at 600 nm. (B) Time traces (dots) at the specified
probe wavelengths together with respective fit curves resulting from the
GLA (red solid line). (C) DAS obtained by GLA and labelled with the
respective time constants. The dynamics are well described by a mono-
exponential decay with a time constant of τ1 = 190 ps. A further, long-
lived component modelled by a decay with an infinite time constant τ2 =
inf was used to account for tiny offsets at long delay times. The com-
ponent is at all wavelengths practically zero and within the experimental
accuracy insignificant.

Scheme 3 Jablonski diagram describing the relaxation to the ground
state after optical excitation into the 2MLCT or 2LMCT state. Decay steps
of [Fe(Im2PPh)2]

+ and [Fe((ImPh)2P)2]
+ are shown in blue and decay pro-

cesses of [Fe(Im2PAnt)2]
+ and [Fe((ImAnt)2P)2]

+ are shown in purple.
Additional radiationless decay processes were obscured for clarity.

Table 2 Time constants obtained by GLA of the TA data

C0 (ref. 4) [Fe(Im2PPh)2]
+ [Fe((ImPh)2P)2]

+ [Fe(Im2PAnt)2]
+ [Fe((ImAnt)2P)2]

+

τ1 240 ps 190 ps 180 ps 14 ps 8 ps
τ2 — — — 5.3a ns* 4.4a ns

a Time constant obtained from streak camera measurements.
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the triplet state of the anthracene unit. Furthermore, we com-
pared the TA spectrum of [Fe(Im2PAnt)2]

+ at 0.5 ps with the TA
spectra of the corresponding “spacerless” complex [Fe
(ImP-Ant)2]

+ and the base complex C0 at the same delay time,
see Fig. S14. The data for the corresponding “spacerless”
complex and the base complex C0 were adapted from our pre-
vious publication.14 The early TA signatures of all three com-
plexes are very similar, supporting the conclusion that the
LMCT state is initially populated upon photoexcitation of [Fe
(Im2PAnt)2]

+. The TA data of the anthracene complexes were
fitted with two exponential decay components, as shown in
Fig. 10C. The shorter time constant τ1 is associated with the
rise of the narrow ESA band at 425 nm, which is evident from
the fact that the corresponding DAS (blue) contains an
inverted image of the narrow ESA band. Consequently, this
component describes the population transfer from the 2LMCT
state to the local anthracene triplet state 3Ant. In the case of
[Fe(Im2PAnt)2]

+, the shorter time constant τ1 amounts to 14 ps
and for [Fe((ImAnt)2P)2]

+, it amounts to 8 ps. Therefore, the
population transfer occurs twice as fast for the [Fe
((ImAnt)2P)2]

+ complex with four anthracene units compared

to the [Fe(Im2PAnt)2]
+ complex with only two anthracene units.

This behaviour suggests that the transfer rate per anthracene
unit is similar in both complexes and the faster dynamics of
[Fe((ImAnt)2P)2]

+ are simply a result of the increased number
of transfer acceptors and channels. However, this proportional
relationship between the number of chromophores and the
lifetime is not true for the LMCT emission lifetimes, which are
similar for two ([Fe(Im2PAnt)2]

+) and four ([Fe((ImAnt)2P)2]
+)

chromophore units. The apparent trend may therefore just be
a coincidence. The DAS of the time constant τ2 reflects the
decay of the local anthracene triplet state on a timescale in the
order of a few nanoseconds. Therefore, the time window of 1.8
ns accessible with the present setup is exceeded.
Consequently, the time constant τ2 cannot be determined
accurately from the TA data. However, the time should be
equal to the lifetime of the luminescence determined by the
time-resolved emission experiments (see above). Indeed, fixing
τ2 to the values of 5.3 ns and 4.4 ns for [Fe(Im2PAnt)2]

+ and [Fe
((ImAnt)2P)2]

+, respectively, in the GLA leads to excellent agree-
ment between fits and data. Thus, the long-lived TA com-
ponent is fully consistent with the luminescence behaviour of
the complexes.

The light-induced dynamics of the anthracene-functiona-
lized complexes is shown by pink arrows in the Jablonski
diagram shown in Scheme 3. The anthracene complexes are
excited from the ground into the 2LMCT state, as is the case
for the phenyl-substituted complexes. From there, a popu-
lation transfer occurs with the time constant τ1 to the local
3Ant state, which then decays back to the ground state with the
time constant τ2. Thus, the excited state population is stored
for several nanoseconds in the local triplet state of the anthra-
cene substituents and a reservoir effect is achieved. The triplet
lifetime of anthracene in solution is many orders of magnitude
larger than τ2.

35 In the complex, however, the 3Ant state is
depopulated by a weak back transfer of the population to the
2LMCT state, which is also responsible for the observed fluo-
rescence. The intrinsic lifetime of the 2LMCT state should be
on the order of 200 ps, comparable to those of the base and
phenyl-substituted complexes.

Conclusion

In this work, four multichromophoric FeIII complexes based on
the previously published base complex C0 ([Fe(ImP)2]

+) were
synthesized and investigated.4 To potentially enable a reservoir
effect, a methylene bridge as the smallest possible decoupling
unit was installed between the central iron complex and the

Fig. 10 (A) TA spectra of [Fe(Im2PAnt)2]
+ dissolved in MeCN at different

times after optical excitation at 600 nm. (B) Time traces (dots) at the
specified probe wavelengths together with respective fit curves resulting
from the GLA (red solid line). (C) DAS obtained by GLA and labelled with
the respective time constants. The dynamics is well described by a
double exponential decay with time constants τ1 = 14 ps and τ2 = 5.3 ns.

Table 3 Relevant structural parameters for C0 (crystal structure) and the investigated phenyl complexes (calculated structure)

Compound C0 (ref. 21) [Fe(Im2PPh)2]
+ [Fe((ImPh)2P)2]

+

Fe–Cphenyl mean distance (Å) 1.948(3) 1.94 1.93
Fe–Cimidazole mean distance (Å) 1.982(3) 2.01 2.00
Mean bite angle (°) 155.36(15) 156.0 156.5
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organic chromophore functionalities.14 The ImP framework
was modified both in the backbone of the central phenylene
and at the imidazole N-alkyl position. Anthracene was chosen
as the chromophore with a triplet energy nearly matching that
of the LMCT state of C0,24 while the phenyl substituent serves
as a reference with a chromophore energy being very different
from the LMCT state. The electronic ground states and the
excited state dynamics were investigated by experimental
methods, supported by (TD-)DFT calculations.

The phenyl-substituted complexes [Fe(Im2PPh)2]
+ and [Fe

((ImPh)2P)2]
+ show the same photodynamics as those of pre-

viously published complexes with emission lifetimes of about
200 ps.14 In contrast, the anthracenyl-substituted complexes
[Fe(Im2PAnt)2]

+ and [Fe((ImAnt)2P)2]
+ exhibit lifetimes that

extend beyond 5 ns. This lifetime is associated with the popu-
lation of the 3Chrom state, which was confirmed by transient
absorption spectroscopy. However, repopulation of the LMCT
state is also necessary for the reservoir effect.6 This aspect was
confirmed by time-resolved emission spectroscopy, which
revealed ns lifetimes of the excited state consistent with the TA
results. Thus, a reservoir effect could be realized even with the
spatially small methylene bridge, which allows an effective
electronic decoupling between the iron complex part and the
organic chromophore. In turn, this further confirms that both
a considerable original CT state lifetime plus an electronic
decoupling of the metal complex and the organic chromo-
phore are mandatory to achieve a detectable reservoir effect.
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