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Fe(II) bidentate complexes with long-lived triplet states. 
Ulises Carrillo,a Ronan Viel,b Salwa Simona Jamil,a Florian Molton,c  Carole Duboc,c J. Luis Perez-
Lustres,d Karsten Heyne,d Stefan Haacke,*b Cristina Cebrian,*e and Philippe C. Gros*a,c

A series of bidentate quinoline/quinoxaline-NHC ligands were coordinated to an iron(II) metal centre with the aim of taking 
advantage of the combined effect of NHC -donor and quinoline/quinoxaline -acceptors on the excited-state stabilization 
of the resulting Fe(II) complexes. Excitation of these complexes at 530 nm promoted excited state formation with lifetimes 
of up to 74 ps. A detailed study combining spectroelectrochemistry, UV/VIS transient absorption spectroscopy as well as 
steady-state and time-resolved luminescence concludes that these long-lived triplet states display spectroscopic properties 
compatible with both MC and MLCT character, with a degree of mixing that depends on the precise ligand structure. 

Introduction
The development of photoactive complexes from earth- abundant 
metals is nowadays a hot topic in the course of more sustainable 
light-responsive materials.1,2 Recent impressive progress has been 
made in improving the challenging photophysics of typical 
polypyridine iron complexes. A judicious tridentate ligand design 
with specific electronic properties –  ranging from N-heterocyclic 
carbenes (NHC),3 cyclometallating units4,5 with the aim to strengthen 
the ligand field, or the structural rigidity6– led to an impressive 
increase in the MLCT or LMCT lifetime of the corresponding iron 
complexes up to the ns scale.7,8

The increase of the ligand-field splitting can be also promoted by 
reducing the angular strain around the metal centre ideally adopting 
the octahedral geometry. Our group has made significant progress in 
this field by designing bidentate pyridyl-NHC Fe(II) complexes with 
excited state lifetimes similar to those of their tridentate analogues, 
while reducing the number of NHC units.9 The asymmetry of the 
ligands led expectedly to geometrical isomers. The coordination of 
pyridine-imidazol-2-ylidene ligand led to an inseparable mixture of 
fac/mer isomers (1:14 ratio).10 TD-DFT was thus used to model the 
excited state properties of both isomer and revealed that, upon 
excitation, the facial configuration leads to the slowest relaxation 
kinetics, resulting in longer excited state lifetimes.11 We focused our 
efforts on accessing selectively both facial and meridional isomers in 
azine-NHC Fe(II) complexes by playing with nature and position of 
substituents on the azine unit.12 For example, a methyl group or a 
chlorine atom alpha to the nitrogen resulted exclusively in a fac 
configuration. In the case of the bulky mesitylene group, target 
complexes could be obtained only by shifting the steric hindrance to 
position 5 of the azine producing mer isomers instead.

In addition, the π-extended 2-quinoline and 2-quinoxaline groups 
showed a strong preference for facial isomerism. In addition to this 
fac control, the use of π-extended azines is particularly relevant due 
to their low-lying MLCT manifold, which results in better absorption 
in the visible range. Furthermore, the possible weaker electronic 
coupling with metal-centred states could possibly contribute to 

longer-lived MLCT triplet states. Herein we report the synthesis of a 
family of Fe(II) quinoline/quinoxaline NHC complexes (Scheme 1) and 
investigation of their photophysical and (spectro)electrochemical 
properties. A peculiar relaxation scenario is proposed leading to long-
lived excited states in the 60-74 ps range with a marked mixed 3MC 
/3MLCT character. 

Results and discussions 

Synthesis of Complexes
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Scheme 1. Complexes studied in this work and the synthesis of fac-C3 and 
mer-C4.

Complexes fac-C1 and fac-C2 were prepared as reported before.12 
Complex fac-C3 was obtained in 37% yield from the preligand HL3. 
The preligand HL4 bearing the isoquinoline led to complex C4 in 34% 
yield, mainly in its mer form (8:92 fac:mer ratio as determined by 1H 
NMR), in agreement with the selectivity obtained previously 
introducing a bulky group at position 5 of the pyridine.12 

Ground-state characterization 

UV-VIS spectroscopy

The UV-VIS absorption spectra of the four complexes in deaerated 
acetonitrile solution are shown in Figure 1 and the data are collected 
in Table 1. The spectra of all complexes present three main 
absorption bands. The intense bands below 320 nm correspond to 
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1(ππ*) ligand-centered transitions. At lower energies, two distinct, 
broader and less intense MLCT bands correspond to Fe–carbene 
1(dπ*NHC) transitions (350–420 nm) and Fe–azine 1(d π*azine) 
transitions, which extend well into the visible region (380–700 nm). 
However, several differences can be distinguished arising from the 
ligands’ configuration.
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Figure 1. UV-VIS spectra of the complexes in acetonitrile solutions.

As for the fac series, a red-shift of 1790 cm-1 of the lowest energy 
MLCT band is promoted by switching from the quinoline (fac-C1) to 
the more -deficient quinoxaline (fac-C2) unit. Replacing 
imidazolylidene with 4-methylimidazolylidene contributed to further 
lowering the energy of the MLCT band, which is spotted at 562 nm in 
fac-C3. The consequence of introducing isoquinoline (mer-C4) as the 
central azine is a notable blue shift of the MLCT band by comparison 
with the quinoxaline series. The MLCT in mer-C4 is found in the same 
energy domain as the fac-C1 quinoline-based complex, albeit with a 
nearly twofold increase in band intensity.

Electrochemistry

The redox properties of all complexes were investigated through 
cyclic voltammetry experiments (CVs) and the main results are 
summarized in Table 1. As an example, the CV of fac-C2 recorded in 
MeCN is shown in Figure 2 (see Figures S9-11 for other complexes). 
All the complexes display reversible FeII/FeIII oxidations in most cases 
with potentials ranging 0.69–1.06 V/SCE (Table 1). These values can 
be nicely correlated to the π-back donation of Fe(II) to both NHC and 
azine moieties, which results in higher oxidation potentials due to 
the stabilization of the t2g-like orbital (HOMO). The potentials of 0.78 
V in fac-C1 (quinoline) and 0.69 V in mer-C4 jumped to 1.06 V for fac-
C2 (quinoxaline) and fac-C3 combining quinoxaline and 4-
methylimidazolylidene.
On the cathodic side, remarkable differences were obtained as well 
by comparing the first reduction potentials. Drastic cathodic shifts 
were observed going from fac-C1 (-1.43 V) to both fac-C2 and fac-C3 
(-1.00 V) in good agreement with the increased acceptor character 
and thus, lower energy π* orbitals. 

Table 1. Spectroscopic and electrochemical properties of complexes

Complex λmax (nm)
 M-1.cm-1))

Eox
1/2 (FeII/FeIII) 
(V/SCE)

ERed1
pc 

(V/SCE)
Eb

(V)
fac-C112 317 [22077]

367 [5157]
504 [6387]

0.78 
(97 mV)a

-1.43
 

2.25
 
 

fac-C212 336 [25976]
428 [1916]

554 [10904]

1.06 
92 mV)a

-1.00
 

2.11
 

fac-C3 329 [26279]
363 [16001]
562 [7169]

1.06 
(96 mV)a

-1.00
 

2.11

mer-C4 323 [18675]
371 [4202]

493 [11357]

0.69 
86 mV)a

-1.61
 

2.34

a Eox
pa- Eox

pc, b Eox
pa- ERed1

pc

Figure 2. Cyclic voltammogram of fac-C2 (0.2 mM) in an MeCN solution 
containing 0.1 M TBAPF6, recorded at v = 100 mVs-1. 

Spectroelectrochemistry (SEC)

The one-electron reduced and oxidized species of fac-C2 were 
electrogenerated to enable their identification via UV-vis and EPR 
spectroscopy, with the specific aim of determining whether the 
redox processes are ligand- or metal-centered. The UV-VIS 
spectroelectrochemical (SEC) measurements performed under an 
applied anodic potential of 1.2 V vs SCE (Figure 3(a) for fac-C2; see 
Figures S12-15 for the other three complexes) reveal a rapid 
evolution of the absorption spectrum during electrolysis. The initial 
complex, characterized by two main absorption bands at 336 nm and 
554 nm, is progressively converted into a new species displaying 
transitions at 355 nm and 690 nm. The presence of well-defined 
isosbestic points at 342 nm and 447 nm confirms the clean and 
complete conversion of fac-C2 into a single oxidized species. 
Coulometric analysis (0.21 C) further supports a one-electron 
oxidation process, with one electron transferred per molecule of 
complex.
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Similarly, when a potential of -1.0 V vs SCE is applied, the absorbance 
spectrum of fac-C2 undergoes a more moderate evolution. The 
intensity of the main transition at 336 nm decreases, while the band 
at 554 nm slightly shifts to lower energy. The presence of well-
defined isosbestic points at 313 nm, 368 nm, 496 nm, and 567 nm 
indicated a clean conversion. Coulometry analysis (0.26 C) confirms 
that the reduction involves the transfer of a single electron per 
molecule of complex. When the applied potential is returned to its 
initial value, the original UV-vis spectrum is fully restored in both 
cases, confirming the reversibility of the oxidation and reduction 
processes (see Figure S15).
Unfortunately, the one-electron reduced species of mer-C4 is 
unstable. As observed with other structurally-related ligands,13,14 the 
hydrogen-hydrogen repulsions between the isoquinoline and 
imidazolylidene moieties may disrupt ligand planarity, thus slightly 
weakening the metal-ligand bonds. We hypothesized that this steric 
interaction may be at the origin of the lack of robustness of the 
reduced species. 
 

Figure 3. In situ UV-VIS spectra of fac-C2 (0.2 mM) in an acetonitrile solution 
containing 0.1 M TBAPF6, a) during exhaustive oxidation at Eapp = 1.2 V vs SCE 
(last scan after 285 s), b) during exhaustive reduction at Eapp = -1 V vs SCE (last 
scan after 570 s). (Pathlength of 1 mm and scan delay of 5 s between two 
spectra).

X-band cw-EPR experiments were carried out to determine the 
oxidation and reduction sites (Figure 4 for complex fac-C2 and 
Figures S16-18 for all complexes). As expected for a diamagnetic low-
spin Fe(II) complex, the EPR spectrum of fac-C2 is silent (Figure 4(a)).
Upon oxidation, the resulting EPR spectrum exhibits an axial signal 
(Figure 4(b)). The large anisotropy of the g-tensor (Δg = 0.629) in 

agreement with a low-spin Fe(III) complex (S = 1/2), indicates that 
the unpaired electron is primarily localized on the Fe centre, 
evidencing that the oxidation is metal-centred.15 

In contrast, the EPR spectrum recorded after the electroreduction of 
fac-C2 (figure 4(c)) shows a sharp isotropic feature at g = 2.0023, 
characteristic of an organic radical, clearly indicating a ligand-centred 
reduction.

Overall, these SEC experiments demonstrate that the Fe(II) 
complexes (with the exception of mer-C4) undergo reversible one-
electron oxidation and reduction, leading to the formation of Fe(III) 
species upon oxidation and radical, ligand-centered Fe(II) species 
upon reduction.

Figure 4. X-band cw-EPR spectra recorded at 100 K of a MeCN solution of fac-
C2 (0.2 mM) containing 0.1 M TBAPF6. a) initial Fe(II) complex, b) after 
exhaustive electrolysis at Eapp = 1.2 V vs SCE. Simulation in dashed line for a 
low-spin S = 1/2 Fe(III) complex with g⊥ = 2.452 and g// = 1.823, c) after 
exhaustive electrolysis at Eapp = -1 V vs SCE to generate an Fe(II)L°- radical with 
g = 1.999.

Excited-state Characterization 

Transient Absorption Spectroscopy (TAS)

Transient absorption spectra were recorded for all the complexes 
with excitation at 530 nm. Due to the instability of mer-C4 noticed 
during SEC experiments, this complex was not subjected to TAS 
investigations.
Figure 5 presents a selection of spectra at different time delays, 
corresponding to complex fac-C2 as well as the ground state 
absorption in light grey.
The negative signal between 450 nm and 600 nm corresponds to 
Ground State Bleach (GSB). Ranging from approximately 460 nm to 
600 nm, it is in full agreement with the dominating absorption band 
of the singlet metal-to-ligand charge transfer state (1MLCT) in that 
region observable in the ground state spectrum.

(b)

(a)

(a)

(b)

(c)
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A smaller bleach feature is also noticeable at wavelengths below 360 
nm that correspond to ligand absorption in the steady-state 
spectrum.
Two positive bands, corresponding to Excited State Absorption (ESA), 
can be observed that display different decaying behaviours. The ESA 
between 360 nm and 450 nm is much stronger and decays on a much 
longer timescale than the one above 600 nm.
As for a more precise description, in the first 500 fs, the blue ESA 
undergoes spectral narrowing at longer wavelengths, with a sharp 
maximum appearing at 380 nm. It then strongly decays before 
stabilising. In the first 100 fs, no bleach recovery is visible and the red 
ESA rises. Because of the absence of bleach recovery, the decay of 
the blue ESA can be assigned to the expected relaxation of 1MLCT 
into 3MLCT, as is reported in the literature.9,16,17,18 On the other hand, 
the rise of the positive A at > 600 nm  from 50 to 100 fs is rather 
due to a reduction of an underlying negative signal at earlier times, 
as expected for  stimulated emission from 1MLCT decaying within < 
100fs.

Figure 5. Selected differential transient absorption spectra of complex fac-C2. 
Excitation wavelength 530 nm. The sign-inverted and arbitrarily scaled 
ground state absorption is plotted for comparison (grey). Inset: Zoom into the 
600-700 nm region highlighting the narrowing of the red ESA between 0.5 and 
20 ps delay.

After this first ≈100 fs period, the red ESA continues to decrease, but 
over two different timescales. On the one hand, for wavelengths 
above 640 nm, the signal disappears and becomes slightly negative 
after 10 ps. On the other hand, a small band remains between 600 
nm and 640 nm, which fully decays after at least 100 ps (cf. inset 
figure 5). This peculiar behaviour is also visible in the blue ESA, yet 
inverted, since a small region between 360 nm and 400 nm decays in 
a few picoseconds and smoothens the triangular shape of the strong 
positive band that finally decays over a longer timescale, in parallel 
with the decay of the GSB.

In order to further analyse the data, global fitting as well as target 
analysis have been carried out. 
First of all, global analysis reveals 4 time constants that are of 
respective orders of magnitude of less than 100 fs, less than 1 ps, 10 
ps, and 60 ps (see Figure 6(a)). In fact, the global fit has some 
difficulty in fitting the kinetics in the red region of the spectrum, 

where a lifetime of 1 ps to 2 ps seems to match the decays better 
than a lifetime of 0.6 ps. 
Technical considerations aside, the 80-fs lifetime, attributed to 
1MLCT decay, is often close to temporal resolution and therefore 
corresponds to an unresolved component, like in this case (blue line). 
Its spectrum is also very broad and presents no trace of bleach 
recovery in the expected region 460 - 600 nm, as shown by the solid 
blue line in Figure 6(a).

Figure 6. Decay-associated differential spectra of fac-C2 (a) from global 
analysis and species-associated spectra (b) of the same complex obtained 
with the relaxation scheme of Figure 8.

The 0.56 ps lifetime mostly contributes to the decay of the broad red 
ESA, but also with significant negative amplitude to ground state 
recovery (450-600nm). However, the relaxation is so fast that 
vibrational energy cannot be fully dissipated, and the system ends up 
in what is considered to be a hot ground state GS*. Its assignment 
arises from the facts that there is ground state recovery with its 
decay and that its relaxation time of about 10 ps is commonly 
encountered in literature as the relaxation time for vibrationally 
excited states. 9,16,17,19–21 Finally, the longest decay time mostly 
affects the high-energy ESA and contributes the most to ground state 
recovery compared to the others.
The analysis presented above was carried out on all complexes of the 
quinoline-based family. They all have quite similar behaviour (Figure 
7), when comparing the decays of complexes fac-C2, fac-C3 and fac-
C1. Table 2 summarises the corresponding different lifetimes for all 
aforementioned complexes.

(b)

(a)
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At first sight, the decaying behaviours of all signals are rather similar, 
especially for GSB. All complexes present a four-component decay 
process, with very similar lifetimes.

Figure 7. Comparison of temporal decay traces of complexes fac-C1 (blue), 
fac-C2 (orange), and fac-C3 (pink). Best fits are represented by black dashed 
lines. Kinetics were chosen at a maximum of ESA and GSB for all complexes, 
respectively at 370 nm, 380 nm, and 335 nm (ESA) and 555 nm, 555 nm, and 
500 nm (GSB). For the sake of clarity, kinetics were normalised and separated 
by the application of a scaling factor.

Table 2. Comparison of the decay times for complexes fac-C1, fac-C2 and fac-C3 as 
obtained from global analysis

fac-C1 fac-C2 fac-C3
𝜏1 [fs] 65 77 60
𝜏2 [ps] 0.97 0.56 0.24
𝜏3 [ps] 12 11 10
𝜏4 [ps] 74 64 71

Figure 8. Proposed relaxation scheme for the family of complexes. The 1MLCT 
is populated and depleted within less than 100 fs. Its depopulation 
corresponds to the population of state B that decays over the ps timescale 
into a hot ground state GS* and the long-living state D.

Because of this resemblance, the analysis performed on complex fac-
C2 can be transposed to the other ones. From the DADS, the 
relaxation scheme shown in Figure 8 was extracted and further 
supported by a Target Analysis (see Figure 6(b) and section 5.3 of SI). 

Target analysis is a method to test different excited state relaxation 
or reaction scenarios, by calculating the so-called “species-
associated spectra” (SADS) as a linear combination of the above 
DADS.22  The spectral shapes of the SADS depend on the supposed 
relaxation scheme, and the most probable relaxation or kinetic 
scheme is then identified by a critical assessment of the obtained 
shapes of the SADS.23 In the SI, we compare the SADS of two 
reactions schemes (Supp. Info, section 8.5). The “parallel model A” 
assumes that excited state branching occurs from the 1MLCT state 
into states B and D, with a 45/55 branching ratio. The “parallel model 
B” is the one outlined in Figure 8, where branching occurs with a 
50/50 ratio from state B, into states GS* and D, respectively. Excited 
state branching has been reported for different Fe(II) complexes, 
with branching occurring mainly from the 1MLCT state,9,24,25 like 
assumed here for the “parallel model A”. 
But, the “parallel model A” produces a SADS for state B, which is not 
consistent with the evolution of the raw data (Figure 5), in particular 
regarding the ESA decay in the 380-440 nm range, between 0.1 and 
0.5 ps (B has a 0.56 ps lifetime). Indeed, the SADS of state B in that 
model is negative in that spectral range (fig. S28), and not positive as 
required for an ESA. On the other hand, the SADS obtained in the 
“parallel model B” has the correct shape in that frequency range (fig. 
S29), which is the main argument for validating this reaction scheme. 
Note that the spectral shapes of the SADS depend only marginally on 
the precise branching ratio, meaning that the 50% value is only 
indicative.
According to the “parallel model B” (fig. 8), the 1MLCT is populated 
upon excitation and decays within a very short time to state B. The 
latter lasts for about 1 ps, depending on the complex, and its 
population is split and decays to the hot ground state GS* and state 
D, decaying with 10-12 ps and 64-74 ps respectively. See Table S1 for 
the detailed lifetimes of all the complexes.

Figure 9. Difference absorption spectra of complex fac-C2 in oxidised-minus-
ground state (red) and reduced-minus-ground state (blue) forms. The solid 
lines correspond to the species-associated difference spectra of states B and 
D (SADS, orange and red). Dashed lines refer to simulations of the differential 
spectrum of an MLCT-equivalent state, computed either by the approach of 
ref. 26 (grey dashed) or by the formulas developed in section 6 of the Supp. 
Info. (black dashed line). Note that 𝛼𝑟𝑒𝑑 = 𝛼𝑜𝑥 = 1 was used for the latter. 

While TAS experiments performed above allowed the determination 
of a possible relaxation path, they do not give access to the very 

Page 5 of 12 Inorganic Chemistry Frontiers

In
or

ga
ni

c
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

1.
08

.2
5 

01
:3

4:
55

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5QI01105A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi01105a


ARTICLE Inorg. Chem. Front.

6

Please do not adjust margins

Please do not adjust margins

nature of states B and D. The remaining hot question is therefore: 
which state corresponds to the 3MLCT?
Brown et al., reported that SEC can give a qualitative insight of what 
the differential absorption of the MLCT triplet state looks like, 
provided one uses an empirical scaling factor 𝜂 to enhance the match 
between SEC and TAS.26 The scaling factor accounts for differences 
in the SEC and TAS experiments, such as the molar concentration, the 
degree of reduction or oxidation in SEC, 𝛼𝑟𝑒𝑑 and 𝛼𝑜𝑥, and most 
importantly the percentage of excited Fe(II) complexes in the TAS 
experiments, R, which determines the amplitude of the A spectra.  
Even though 𝛼𝑟𝑒𝑑 and  𝛼𝑜𝑥 are close to one in the SEC experiments, 
we used our implementation, in which the oxidised and reduced 
spectra have their own scaling factor, since it offers more flexibility 
for fitting the TAS difference spectra (see section 6 of the SI for more 
details).
Figure 9 presents the differences of the absorption spectra of 
complex fac-C2 in its oxidised-minus-ground state and reduced-
minus-ground state forms, as obtained from SEC (figure 3) with 𝛼𝑟𝑒𝑑
= 𝛼𝑜𝑥 = 1, as well as a comparison with the SADS of states B and D, 

as obtained by target analysis. At a first glance, the agreement of the 
SADS of both states is good in the 380-450 nm range (A>0), and 
better for state B in the red (> 600nm). In the bleach region, however 
(A<0), the spectra derived from SEC have surprisingly ≈3 times 
lower amplitude than the SADS of states B and D. We refer the reader 
to Ref. 26 for a discussion of a variety of reasons explaining why the 
comparison of differential SEC reference spectra with the ones of 
non-equilibrated transient TAS species has to remain inevitably on a 
qualitative level. 

With this in mind, a closer inspection of the SEC difference spectra, 
it appears that the low-energy ESA band (> 600 nm) mainly arises 
from the reduced ligand's absorption. On the other hand, the high-
energy ESA is more even in terms of contributions: its high-energy 
band (370 - 400 nm) can be considered as a signature of the oxidised 
metal centre, but the band ranging from 400 nm to 450 nm is quite 
equilibrated between both species. In the end, with the SEC insight, 
the short-lived state B can be confidently considered as being fully 
3MLCT since it bears both features of the oxidised metal and reduced 
ligand. To determine which type of ligand is the reduced one is 
unfortunately not possible at this stage. Being able to distinguish the 
absorption of the reduced carbene and the reduced azine moieties 
would have allowed to sharpen the analysis. 
Regarding the long-lived excited state D, it presents only a small 
absorption between 600 and 640 nm, in contrast to the absorption 
of the fully reduced state of the ligand (Figure 9), and in contrast to 
expectations for a charge transfer state with a ligand-centred charge. 
However, the near-UV part (300 - 380 nm) of its SADS resembles that 
of the A spectrum of the MLCT state derived from SEC. This 
observation and the weak reduced-ligand-like positive A at 620 nm 
support the idea that the initially fully reduced ligand (states A and 
B) is still partially reduced during the lifetime of state D.

Steady-state and Time-Resolved Luminescence Spectroscopy

To complete the study, steady-state and time-resolved luminescence 
measurements were carried out for the three complexes. We focus 
here on the results of fac-C2 again as an example. Even though a 

luminescence quantum yield < 10-4 can be anticipated for the above 
identified triplet state character of state D, we were able to detect a 
weak steady-state emission and corresponding excitation spectra as 
reported in the Supp. Info (figure S21). As detailed there, the 
luminescence is due to two different species or transitions, with a 
large spectral overlap. Using a highly sensitive Hamamatsu streak 
camera with 10 ps resolution (see exp. details below), we separate 
the two emission components according to their respective decay 
times, and spectra (DAS). 

Figure 10. Time-resolved emission data of fac-C2 recorded with a streak 
camera (10 ps time resolution FHWM). Excitation with 0.3 ps pulses at 515 
nm, and detection through a long-pass OG550 filter. (a) Kinetic traces of the 
time-dependent luminescence measurement with best fits as dashed lines. 
(b) Decay-associated spectra (DAS) of the different lifetimes found by global 
analysis.

Fig. 10a reports the wavelength-resolved kinetic traces for complex 
fac-C2 (cf. figures S22 & S23 for the complete data set). For shorter 
wavelengths (550 and 600 nm), the kinetic traces show an 
unresolved peak at t=0, most likely due to bright sub-ps emission 
from the 1MLCT singlet state. At longer times, the curved slope of the 
plots, displayed on a logarithmic y-axis, indicate multi-exponential 
decays, the analysis of which is summarized in the different decay-
associated spectra (DAS) obtained by a global analysis in Figure 10(b). 

(a)

(b)
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The most interesting result here is the presence of a 56 ps lifetime, 
which agrees with the lifetime of state D as obtained by TAS (64 ps), 
and which is directly evident in the kinetic trace at 725 nm, 
dominating the decay in the first 150 ps (fig. 10(a)). For the longer 
decay times, the fit gives a 430 ps and a > 1ns component, indicated 
as “infinity” in fig. 10(a). As compared to the DAS of the slower decay 
times, the one of 56 ps is markedly different, first because of its lower 
amplitude and second because of its flatter and broader shape, 
especially towards longer wavelengths in the near-IR region. 
Regarding the two other DADS, associated with the slower decay 
times, they appear to be blue-shifted with respect to the one of the 
triplet state D. Hence, the longer-lived emission comes from 
different states, populated in parallel, much likely arising from a 
transition or species with small absorption or concentration, hence 
weakly excited by the 515 nm pulses. Indeed, absorption at 515 nm 
is dominated by the 1MLCT transition (fig. 1), and TAS, which reveals 
only the majority species excited, does display 4 = 64 ps with high 
amplitude (fig. 6). The slower components found in the luminescence 
decay (3 and 4 in fig. 10b) appear in TAS as a long-lived, > 2 ns 
lifetime component, with almost zero amplitude (cf. sections 8.3 and 
8.4 in Supp. Info).
Furthermore, as we show in section 7 of the Supp. Info, the 
luminescence excitation and the ground state absorption spectra 
have largely different shapes. Their comparison indicates that the 
longer-lived components are indeed due to species of low 
concentration, possibly (partially) de-coordinated ligands (cf. fig. S21, 
and related discussion in Supp. Info).27–30 
However, by multiplying the amplitude of the DAS with the 
corresponding lifetimes, one can estimate that the time-integrated 
emission of these long-lived species is approximately two orders of 
magnitude larger than the one of the short-lived triplet state D, 
present in the high concentration fac-C2 complexes. This indicates 
that the low concentration of the de-coordinated ligands (absence in 
absorption spectra) is compensated by a relatively high fluorescence 
quantum yield (≈ 10%), i.e. their emission stems most likely from 
singlet states. 

In the next step, the picosecond luminescence data are used to 
assess whether state D is of MLCT nature as state B, or not. To this 
end, we investigated the radiative decays of the iron complexes and 
compared them with respect to the standard [Ru(bpy)3]2+, and used 
the following approach in order to compare their radiative rates kr. 
The population of state D or of the 3MLCT state in [Ru(bpy)3]2+ decay 
according to radiative and non-radiative decay channels with the 
corresponding rates kr and knr:

𝑑𝑁
𝑑𝑡 = ― 𝑘𝑟𝑁(𝑡) ― 𝑘𝑛𝑟𝑁(𝑡)          (2)

The first term on the right hand side determines the luminescence 
intensity 𝐼(𝑡) ∝ 𝑘r𝑁(𝑡), where the proportionality factor is 
determined by experimental parameters, such as the luminescence 
collection efficiency and the detection sensitivity. In particular at 
“time zero”, i.e. at the peak of emission

𝐼(𝑡 = 0) ∝ 𝑘r𝑁(𝑡 = 0)      (3)

since the number of photons emitted per time interval dt is equal to 
the number of exc. state molecules decaying radiatively.

Experimentally, in the streak camera experiments with a time step of 
dt = 3 ps, one can assume that N(t=0) is equal to the number of 
excited molecules since the non-radiative processes act on a much 
slower time scale (dt<< 1/knr). Hence, the radiative rate can be 
extracted or compared for different complexes, provided that N(t=0) 
is the same. We therefore used exactly the same excitation intensity 
and corrected for small differences in the absorbances of the 
different complex solutions. 

For a simplified comparison with the radiative rate of [Ru(bpy)3]2+, 
we use 𝑘exp, defined as the ratio of the time-zero intensities

𝑘exp = 𝐼(𝑡=0,Ru)
𝐼(𝑡=0, Fe)

= 𝑘r(Ru)
𝑘r(Fe)      (4)

as a relative metric to compare the radiative rates of the ruthenium 
complex to the iron ones, with the results given in Table 3. Note that 
for the iron complexes 𝐼(𝑡 = 0, Fe) is the time-zero amplitude of the 
luminescence component of state D, i.e. the spectrally integrated 
DAS related to 2 in fig. 10b.  

Due to the well-established Laporte selection rule for d-d transitions, 
3MC states are deemed to have a zero radiative rate, but since the 
present NHC Fe(II) complexes do not obey octahedral symmetry, the 
Laporte rule does not hold. Nevertheless, based on some rare reports 
on the extinction coefficients or emission properties of 3MC states in 
Co(III) complexes,31,32 one may expect, for the present Fe(II) 
complexes that 𝑘exp be > 10 or more. 

Table 3. Summary of the ratios of experimental decay rates of the investigated iron 
complexes vs [Ru(bpy)3]2+. The approach has an error bar of typically ± 30 %.

fac-C1 fac-C2 fac-C3
𝒌𝐞𝐱𝐩 2.0 5.1 12.3

As can be noticed from Table 3, the value of 𝑘exp strongly depends 
on the complex. The complex fac-C1 has a radiative rate only twice 
as low as the 3MLCT state of [Ru(bpy)3]2+, tending to suggest that 
state D of fac-C1 has a strong MLCT character. The same conclusion 
cannot be drawn as confidently for fac-C3, with its 12-fold lower 
radiative rate as compared to [Ru(bpy)3]2+. While according to the 
literature that reports Fe(II) bidentate complexes’ 3MC states with 
lifetimes of  63 ps or more,33,13 the logical pathway would label state 
D as 3MC, we could advance here the hypothesis of a mixing between 
3MC and 3MLCT states, with proportions depending on the ligand.

Conclusions
A series of Fe(II) quinoline/quinoxaline-NHC complexes was prepared 
with the aim of studying the impact of -donating NHC  and -
accepting quinoline/quinoxaline on their excited-state properties. 
Thanks to spectroelectrochemistry and transient absorption 
spectroscopy, a relaxation scheme was drawn where two states, B 
and D, were identified to be populated from the 1MLCT state. State 
B is a 3MLCT state, since it displays the characteristic absorption 
features of the reduced ligands. Independent on the ligand design, 
its lifetime is only in the 1 ps range. On the other hand, the nature of 
the long-lived (60-74 ps lifetime) state D is difficult to identify clearly, 
since its spectroscopic features are compatible with both an MLCT 
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and MC character. Indeed, state D shows absorption features of the 
reduced ligand, as expected for the ligand-centred triplet, but only in 
the near-UV/blue and in the red part of the spectrum. In addition, 
time-resolved luminescence experiments show, for two of the three 
complexes, that state D has a radiative rate lower than, but in the 
same order of magnitude as, the one of the 3MLCT state of 
[Ru(bpy)3]2+. Surely, we cannot expect a zero-dipole moment or 
radiative rate for an 3MC state in these bidentate heterocyclic 
complexes, since Laporte's rule does only hold for a perfect 
octahedral symmetry. Rather, the different spectroscopic properties 
probed here by steady-state, ultrafast luminescence and absorption 
spectroscopy suggest that state D is a mixture of 3MC and 3MLCT 
character, with the relative proportion depending on the precise 
ligand. In other words, we hypothesize that the molecular orbital of 
excited state D covers both the metal centre and one of the ligands, 
hence a mixed MC- and MLCT-character. This motivates the 
observation of excited state absorption features, which resemble the 
ones of reduced ligands in shape and amplitude. But, it would be very 
helpful to have computed excited state spectra for these transient 
states D. Note that the concept of such states with mixed adiabatic 
character is ubiquitous and accepted since long, for instance in the 
simulation of the ground state absorption spectra of iron or other 
transition metal complexes.34–39 For the present bi-dentate 
complexes, this mixed state character will be further investigated 
and substantiated in our forthcoming publication, reporting on 
femtosecond vibrational spectroscopy and on TD-DFT simulations of 
the excited states.

Experimental

Synthesis 

Complexes fac-C1 and fac-C2 have been prepared according to 
ref12fac-C3. Ligand HL3 (200 mg, 0.54 mmol) and FeCl2 (22.6 mg, 0.18 
mmol) were submitted to three vacuum/Ar cycles, after that 3 mL of 
dry and degassed DMF were added, the mixture was stirred under Ar 
at r.t for 5 min then KHMDS (130 mg, 0.65 mmol) were added. The 
reaction mixture was stirred at r.t. for 1 h. Afterwards, H2O (10 mL) 
was added and 1 mL of KPF6 (saturated solution) the reaction was 
vigorously stirred and the precipitated formed was filtered in a 
sintered funnel #3. The solid was washed with H2O (10 mL) and 
diethyl ether (3 x 15 mL) until the solid was a fine powder. The solid 
was recovered by adding acetonitrile and purified by column 
chromatography using a mixture 10:2:1 (Acetone:water: sat. KNO3). 
The recovered fractions were mixed in a balloon and an extra amount 
of H2O (3 mL) was added. Acetone was subsequently removed under 
vacuum and a small quantity of NH4PF6 was added until a 
precipitated appeared. The solid was filtered in a glass funnel filter 
#4, washed with diethyl ether (3 x 10 mL) and recovered with 
acetonitrile in a round flask, affording the desired complex fac-C3 in 
37 % (45 mg) as a reddish solid. 1H NMR (400 MHz, CD3CN, 298 K) δ 
9.3 (s, 1H, H1), 8.3 (dd, J = 8.4, 1.5 Hz, 1H, H5), 8.1 (t, J = 1.2 Hz, 1H, 
H6), 7.7 (ddd, J = 8.4, 7.0, 1.2 Hz, 1H, H4), 7.1 (ddd, J = 8.6, 7.0, 1.5 Hz, 
1H, H3), 6.8 (dd, J = 8.7, 1.2 Hz, 1H, H2), 2.7 (s, 3H, H8), 2.1 (s, 3H, H7). 
13C{1H} NMR (100 MHz, CD3CN, 298 K) δ 203.6 (C1), 149.1 (C4), 143.2 

(C2), 142.6 (C11), 138.9 (C6), 136.6 (C5), 133.4 (C10), 132.4 (C9), 131.1 
(C7), 123.9 (C8), 117.1(C3), 33.2 (C12), 10.5(C13). HRMS (ESI-TOF) m/z: 
[M – 2PF6

-]2+ Calcd for C39H36N12Fe 364.1262; Found: 364.1291.
mer-C4. Ligand HL4 (200 mg, 0.56 mmol) and FeCl2 (23.6 mg, 0.18 
mmol) were submitted to three vacuum/Ar cycles, after that 3 mL of 
dry and degassed DMF were added, the mixture was stirred under Ar 
at r.t for 5 min then KHMDS (160 mg, 0.78 mmol) were added. The 
reaction mixture was stirred at r.t. for 1 h. Afterwards, H2O (10 mL) 
was added and 1 mL of KPF6 (saturated solution) the reaction was 
vigorously stirred and the precipitated formed was filtered in a 
sintered funnel #3. The solid was washed with H2O (10 mL) and 
diethyl ether (3 x 15 mL) until the solid was a fine powder. The solid 
was recovered by adding acetonitrile and purified by column 
chromatography using a mixture 10:2:1 (Acetone:water:KNO3(Saturated 

solution)). The recovered fractions were mixed in a balloon and an extra 
amount of H2O (3 mL) was added. Acetone was subsequently 
removed under vacuum and a small quantity of NH4PF6 was added 
until a precipitated appeared. The solid was filtered in a glass funnel 
filter #4, washed with diethyl ether (3 x 10 mL) and recovered with 
acetonitrile in a round flask, affording the desired complex mer-C4 in 
34 % (45 mg) as an intense reddish solid in 8:92 ratio. 1H NMR (400 
MHz, CD3CN, 300 K) δ 8.8 (d, J = 2.4 Hz, 1H, H2mer ), 8.7 (d, J = 2.2 Hz, 
1H, H2mer), 8.7 (d, J = 2.3 Hz, 2H, H2mer), 8.7 (d, J = 1.5 Hz, 1H), 8.7 – 
8.6 (m, 1H, H8mer), 8.1 – 8.0 (m, 1.5H), 8.0 (dt, J = 6.9, 3.5 Hz, 1H), 7.9 
– 7.8 (m, 11H), 7.8 – 7.7 (m, 1.5H), 7.8 (t, J = 1.1 Hz, 0.4H), 7.7 (d, J = 
6.3 Hz, 1H, H8mer), 7.6 (dd, J = 6.4, 0.9 Hz, 1H, H7mer), 7.5 (dd, J = 6.4, 
0.9 Hz, 0.4H, H7fac), 7.5 (d, J = 2.3 Hz, 1H, H1mer), 7.4 (d, J = 2.3 Hz, 1H, 
H1mer), 7.3 (d, J = 2.4 Hz, 1H, H1mer), 7.3-7.2 (m, 2H, H7mer and H8mer), 
6.9 (d, J = 6.4 Hz, 0.4H, H8fac), 6.8 (d, J = 6.6 Hz, 1H, H7mer), 3.2 (s, 3H, 
H9mer), 3.0 (s, 1H, H9fac), 2.7 (s, 3H, H9mer), 2.7 (s, 3H, H9mer).13C{1H} 
NMR (100 MHz, CD3CN, 300 K) δ 212.3 (C1), 209.7 (C1), 207.2 (C1), 
146.8, 145.2, 142.5, 139.6, 138.6, 138.2, 133.4, 133.0, 132.7, 130.7, 
130.5, 130.4, 129.0, 128.9, 128.8, 128.8, 128.7, 124.0, 123.2, 123.1, 
122.8, 122.7, 121.7, 121.3, 121.3, 120.7, 120.6, 119.9, 119.8, 37.4, 
37.2(C2), 36.5 (C2), 36.3 (C2). HRMS (ESI-TOF) m/z: [M – 2PF6

-]2+ Calcd 
for C39H33N9Fe 341.6099; Found: 341.6099.

Transient Absorption Spectroscopy

All complexes have been excited at 530 nm where they present a 
common acceptable absorption level. The samples were prepared in 
commercial acetonitrile such that their optical density at the 
excitation wavelength lies between 0.5 and 0.7.mm-1 in a 1-mm 
quartz cuvette.
About the setup: a 800 nm pulsed beam with 5 kHz repetition rate is 
generated by pumping a Ti:Sapphire crystal. Mode-locking is then 
used to obtain laser pulses, of about 40 fs duration. After Chirped 
Pulse Amplification, the beam is split into two paths. On the one 
hand, it is used to generate the pump with a commercial OPA (TOPAS 
from Light Conversion); After the TOPAS, pulse duration is about 80 
fs. On the other hand, the 800 nm beam is focused into either a CaF2 
or a Sapphire crystal depending on whether one wants to probe in 
the near UV or in NIR.
Complexes were excited with pump at magic angle (54.7°) and 700 
µW power, i.e. 1.4 mJ.cm-2 energy density per pulse at 5 kHz 
repetition rate and with 100 µm FWHM beam diameter at pump-
probe spatial overlap.
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Steady state and time-resolved luminescence 

The steady-state luminescence emission and excitation spectra were 
recorded on a Horiba/Jobin Yvon Fluorolog spectrometer. In order to 
record spectra with a good signal-to-noise ratio, slit widths of “5 nm” 
were used for both excitation and detection, and up to 20 spectral 
scans were averaged. The influence of reflected or scattered 
excitation light was minimised by a proper orientation of the 1mm 
sample cuvettes. No bandpass or low-pass filter was used. The 
standard correction factors were applied both for the spectral 
sensitivity of detectors and for the wavelength-dependent intensity 
of the Xe lamp (excitation spectra). 
For the picosecond luminescence measurements, the data were 
recorded with a Hamamatsu C10627 time-gated streak camera (10 
ps FWHM time resolution). All complexes were excited at 515 nm 
after frequency doubling of the 1030 nm output of an Yb:fiber laser 
(Tsunami, Amplitude) at 10 kHz repetition rate and with 1.0 mW 
average power per pulse. With 100 µm FWHM diameter at the focal 
point, the energy density was 1 mJ.cm-2. An OG550 low-pass filter 
(Schott Glass) was used.
In order to have similar experimental conditions for all complexes 
(iron and ruthenium), the ruthenium solution was highly 
concentrated (2.5 mM) to reach an optical density of 0.5 mm-1 at 515 
nm.

Spectroelectrochemistry

Electrochemistry was performed on a Metrohm Autolab PGStat100 
potentiostat using a conventional three-electrode cell in glove box 
under argon atmosphere. Complexes were dissolved at 0.2 mM in 
acetonitrile containing 0.1 M Bu4NPF6 as supporting electrolyte. The 
reference electrode was Ag/Ag+ in electrolytic solution (AgNO3 10 
mM) and the counter-electrode was a platinum wire. The working 
electrode was a commercial 3 mm-diameter glassy carbon disk for 
cyclic voltammetry, and a glassy carbon foam (of around 0.4 cm3 and 
80 ppi) for bulk electrolysis. All potentials were converted vs SCE by 
E(vs SCE) = E(vs Ag/Ag+) + 0.298 V. In all the experiments the scan 
rate was 100 mV/s. In situ UV-visible spectrometry was performed 
with a Xenon lamp and a Avaspec detector from Avantes connected 
by optical fibers to a Hellma immersion probe with a pathlength of 1 
mm.
X-band EPR spectra were recorded at 100K with a EMX Plus Bruker 
spectrometer equipped with a ER4119HS Bruker cavity. All spectra 
presented were recorded under non-saturating conditions. EPR 
spectral simulation was carried out using the Easyspin program.40 
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