N

N

Bidentate pyridyl-NHC ligands: synthesis, ground and
excited state properties of their iron(II) complexes and
role of the fac/mer isomerism
Kévin Magra, Antonio Francés-Monerris, Cristina Cebrian, Antonio Monari,
Stefan Haacke, Philippe Gros

» To cite this version:

Kévin Magra, Antonio Francés-Monerris, Cristina Cebrian, Antonio Monari, Stefan Haacke, et al..
Bidentate pyridyl-NHC ligands: synthesis, ground and excited state properties of their iron(II)
complexes and role of the fac/mer isomerism. FEuropean Journal of Inorganic Chemistry, 2021,
10.1002/€jic.202100818 . hal-03464828

HAL Id: hal-03464828
https://hal.science/hal-03464828v1
Submitted on 10 Feb 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03464828v1
https://hal.archives-ouvertes.fr

Bidentate pyridyl-NHC ligands: synthesis, ground and excited
state properties of their iron(ll) complexes and role of the fac/mer

isomerism

Kévin Magra,” Antonio Francés-Monerris,”! Cristina Cebrian,* Antonio Monari,’*® Stefan Haacke'®!

and Philippe C. Gros!

Dedicated to Professor Marc Beley for his contribution to the field of Coordination and Organometallic Chemistry

[a] Dr. K. Magra, Dr. C. Cebrian
Université de Lorraine, CNRS, L2CM
57000 Metz, France
E-mail: cristina.cebrian-avila@univ-lorraine.fr
http://www.I2cm.univ-lorraine.fr/I2cm/
https://twitter.com/L2CM_UMR7053

[b] Dr. A. Francés-Monerris
Departament de Quimica Fisica, Universitat de Valéncia,
46100 Burjassot, Spain

[c] Prof. A. Monari
Université de Lorraine, CNRS, LPCT
F-54000 Nancy, France

[d] Prof. A. Monari
Université de de Paris and CNRS, Itodys
F-75006 Paris, France

[e] Prof. S. Haacke
Université de Strasbourg, CNRS, IPCMS
F-67000 Strasbourg, France

[f] Dr. P. C. Gros
Université de Lorraine, CNRS, L2CM
54000 Nancy, France

Supporting information for this article is given via a link at the end of the document.

Abstract: Iron complexes are promising candidates for the
development of sustainable molecular photoactive materials as an
alternative to those based on precious metals such as Ir, Pt or Ru.
These compounds possess metal-ligand charge transfer (MLCT)
transitions potentially of high interest for energy conversion or
photocatalysis applications if the ultrafast deactivation via lower-lying
metal-centred (MC) states can be impeded. Following an introduction
describing the main design strategies used so far to increase the
MLCT lifetimes, we review some of our latest contributions to the field
regarding bidentate Fe(ll) complexes comprising N-heterocyclic
carbene ligands. The discussion covers all aspects from their
synthesis to their characterization via photophysical, electrochemical
and computational techniques. The impact of bidentate coordination
together with the configuration (facial and meridional isomers) is
analysed, finally highlighting the current challenges in this promising
area.

1. Introduction

The development of Earth-abundant metal-based photoactive
materials is a big challenge for the scientific community, gathering
considerable efforts in the last few years.! Up to now, these
materials have been mostly based on precious metals such as
iridium, platinum or ruthenium due to their tuneable and long-lived
excited states, luminescence and/or redox properties, finding
applications in opto-electronics,? solar energy conversion,® and
photocatalysis,l among others.

However, scarcity, cost and the sometimes non-negligible
toxicity of precious metals can dramatically limit large-scale

applications. For instance, ruthenium complexes are privileged
sensitizers in dye-sensitized solar cells (DSSCs) as a result of
their absorption, which covers a wide portion of the solar
spectrum, and their fast electron injection into the semiconductor
via long-lived metal-to-ligand charge transfer (MLCT) excited
states.[®%l Cheaper iron-based compounds were proposed as the
ideal eco-friendly alternatives to toxic Ru'-based dyes.["l
However, the "SMLCT states in Fe'-polypyridyl complexes
undergo ultrafast deactivation via the population of the low lying
metal-centred (MC) states,®'"l from which electron transfer
reactions to the semiconductor”-'2'3 have not been proven so
far.[4

Consequently, the development of iron-based excitonic
devices is conditioned by the availability of compounds with long-
lived MLCT states. Recently, the use of N-heterocyclic carbenes
(NHC) ligands has brought a real breakthrough in the race for
excited-state lifetime improvement of organometallic iron
complexes. In particular, the use of tridentate pyridyldicarbene
ligands allowed the achievement of a remarkable 3MLCT lifetime
of 9 ps for complex 1a (Figure 1).['¥ The strong s-donor character
of these ligands promotes a higher ligand field splitting of the iron
d orbitals,[® resulting in a destabilisation of the MC states over
the MLCT manifold with a concomitant slowdown of the excited
state deactivation. This phenomenon was proven afterwards by
means of a detailed study of the effect of the number of NHC units
and the resulting photophysical properties of the corresponding
Fe' complexes.[']
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Figure 1. Selected 3d photoactive complexes based on different ligand
designs. Counterion is PFe for all charged compounds.

Further improvements can be achieved by modifying the
electronic properties of the tridentate ligand (Figure 1). For
instance, our group reported the addition of a carboxylic group on
the central pyridyl ring of 1a that almost doubled the SMLCT
lifetime up to 16 ps (complex 1b).'® Switching from
imidazolylidene (Im) to benzimidazolylidene (bIm) moieties in the
ligand further increased the excited state lifetime up to 26 ps.['¥]
Selection of pyrazine as the central azine in combination with bim
moieties as in complex 2 resulted in the record value to date (32
ps) for tridentate ligands.%

The increase of the ligand-field splitting and hence the MLCT
lifetime can be also achieved by reducing the angular strain
around the metal centre.?'-% This effect can be nicely illustrated
by Ru" complexes, where the angularly strained [Ru(tpy)2]**
complex (tpy = 2,2:6’,2"-terpyridine) undergoes an ultra-fast
deactivation via the population of the MC states,?”] while the
weakly distorted homologue [Ru(bpy)s]?* (bpy = 2,2’-bipyridine)?!
avoids non-radiative deactivation channels and exhibits intense
luminescence at room temperature.?® Thus the coordination of
iron with a bidentate instead of a tridentate ligand has a profound
impact on the photophysics of an organometallic complex. In this
regard, the introduction of bidentate bis-NHC units, namely 4,4'-
bis(1,2,3-triazol-5-ylidene) (btz) ligands, in complex 3a (Figure 1)
resulted in an outstanding 528 ps 3MLCT lifetime due to the

3

presence of 6 Fe-carbene bonds within the inner coordination
sphere of Fe' 2% However, it is important to point out that, in
comparison with the previously reported examples, these
carbenes are mesoionic.

Apart from NHC, other strong-field ligands have been
explored with the aim of obtaining photoactive iron complexes.
Though already investigated a few decades ago by Winkler and
Sutin,['32 the slowdown effect on the MLCT relaxation dynamics
upon using strong ligand-field cyanide ligands was not
unequivocally demonstrated until recently.?63% Cyclometalating
phenyl ligands can alternatively be used as theoretically predicted
by the groups of Dixonl* and Jakubikoval®®. Though synthetically
more challenging, an air-stable cyclometalated ferrous complex 4
was successfully obtained by Bauer and co. in 2019, exhibiting a
5.5 times longer 3MLCT lifetime than that of [Fe(tpy)2]** upon
substituting one lateral pyridine by a phenyl unit.*® Another
remarkable example includes strong o-donor anionic nitrogen
atoms as in complexes 5 (Figure 1), where diarylamido ligands
were used.’’l. These complexes exhibited panchromatic
absorption features with impressive nanosecond (ca. 2.0-2.7 ns)
excited state lifetimes. Mixing of metal-centred with ligand-
centred orbitals at the HOMO level (partial ‘HOMO inversion’®8)),
together with the stabilisation of the ligand-centred LUMO due to
the extended ligand 1-conjugation may be seen as the reasons
for a very low optical gap corresponding to a “TTanti-bonding-to-ligand
charge transfer” (PALCT) transition. Computationally the 3MC
states were shown to be at higher energies than the PALCT state,
thus well explaining these outstanding experimental results.

Unfortunately, in spite of the unprecedented long lifetimes
reached for the low-lying MLCT excited states in Fe! complexes,
luminescence yields were not reported. However, it is worth to
note that isoelectronic 3d® MLCT emitters can indeed be obtained
by replacing the central metal as recently reviewed.’**% For
instance, this original approach has been successfully
demonstrated very recently for Cro*'42 or Mn'.*3 Two examples
are shown in Figure 1 (complexes 61" and 71%). In all cases,
these compounds comprise chelating isocyanides ligands and
result in weak room-temperature emissions (photoluminescence
quantum vyields up to 0.09%) in the few ns regime. As for
organoferrous complexes, selection of strong-field ligands is
mandatory in order to sufficiently destabilise the low-lying MC
states.

Changing 3d® Fe" to 3d® Fe'' leads, nevertheless, to a
completely different photophysical scenario where low-lying
excited states are of ligand-to-metal charge transfer (LMCT)
character instead.®® As a matter of fact, these compounds have
a low-spin 2T electron configuration in the ground state under a
strong ligand field. Upon excitation, 2LMCT states are populated
and spin-allowed photoluminescence can become competitive
over other deactivating processes if the access to “MC states is
not energetically favoured. This is the case for three luminescent
compounds with coordination spheres comprising NHC donors
(complexes 3bM and 81%)), or a combination of NHC and
cyclometallating units (complex 9).481 Highly interestingly, the
latter exhibits a very peculiar behaviour, displaying a unique dual
fluorescent emission both from the lowest-lying 2LMCT (t = 0.2
ns) and higher energy 2MLCT (t = 4.2 ns) states.

All these exciting results have thus set up a new paradigm for
Earth-abundant transition-metal complexes, gathering an
increasing interest of the scientific community due to the new
possibilities for the development of truly sustainable photoactive
materials. In the case of iron complexes, while different design
strategies have been reported, more systematic studies are



missing so as to provide a clearer picture of the photophysics and
photochemistry of this class of organometallic compounds, where
the inherent excited state electronic structure and the structural
relaxation/flexibility are intimately linked.#”8l In this microreview
we will present our recent investigations on a series of Fe'-NHC
complexes with bidentate ligands featuring facial and meridional
isomers. Their synthesis and characterization will be described,
including ultrafast transient absorption spectroscopy and Time
Dependent-Density Functional Theory (TD-DFT) modelling. This
contribution is thus intended to shed more light on the subtle
relationship between molecular structure and electronic excited
state dynamics of iron complexes by analysing the effects of
bidentate ligand coordination and highlighting the impact of the
fac/mer isomerism.

2. Synthesis of Fe' complexes with bidentate
pyridyl-NHC ligands

2.1 Precursor synthesis

In all cases, the NHC precursors were typical azolium derivatives.
Very interestingly from a future application point of view, these
cationic compounds were conceived from widely commercially
available pyridine and imidazole derivatives, making their
syntheses straightforward with good to excellent yields. The
different precursors here studied are shown in Scheme 1.
Precursor L1“9 was initially obtained to enable a direct
comparison with already reported complexes from 2,6-
bis(imidazolium)pyridine (Scheme 1, top).['>'8l It was prepared by
reacting 2-fluoropyridine with in-situ generated potassium
imidazolate, quaternization with iodomethane and final
metathesis with potassium hexafluorophosphate.

Bearing in mind the key role of NHC in the photophysics of the
final complexes, precursors L2-L5 were designed to allow for a
fine-tuning of the stereoelectronic properties at this unit. First, the
incorporation of an additional N atom in L2 was achieved by
introducing a 1,2,4-triazole ring instead of that of imidazole on the
starting 2-fluoropyridine (Scheme 1, top).®® On the other hand,
extension of the 1-conjugated system of the NHC moiety has
proven its beneficial effects on the excited state kinetics in
tridentate-based Fe" complexes.'®? In fact, longer MLCT
lifetimes were observed for bim-bearing complexes as a result of
a higher destabilisation of MC states due to an increased -
backbonding (vide supra). Therefore, these results prompted us
to investigate this effect as well in bidentate ligands with the
benzannulating precursor L1. Precursor L3 was thus prepared as
aforementioned described by selecting benzimidazolate as the
nucleophilic reactant (Scheme 1, top).°" Nevertheless, a second
fusion pattern was possible at the N3—-C4 instead of C4-C5
positions with respect to the parent imidazole framework, which
could eventually have a non-negligible impact on the resulting
complexes. In this case, imidazo[1,5-a]pyridinium precursors L4
(R=H)and L5 (R = CHzs) were prepared via a microwave-assisted
stepwise cyclizing condensation reaction involving 2-
aminopyridine and 2-formyl or 2-acetylpyridine, respectively
(Scheme 1, bottom).[5"!
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Scheme 1. Synthesis of L1-L5 ligand precursors: (top) via a nucleophilic
aromatic substitution; (bottom) via a stepwise cyclizing condensation pathway.

2.2 Synthesis of organometallic complexes

Different synthetic strategies can be employed for the
complexation of NHC-based ligands, often with particular
precautions against oxygen and moisture due to the extremely
high reactivity of carbenes. The commonly used approach is
based on the direct coordination of free carbene ligands to the
iron centre, which can be performed in one-pot or stepwise
reactions. The one-pot procedure is based on the direct
generation of the reactive carbene species in the reaction medium
in the presence of the metallic source to be coordinated to.
Alternatively, the carbenic ligand can be coordinated to the metal
ion in a second step. Strong bases are typically used to
deprotonate the azolium moiety such as BuLi, NaH, potassium
tert-butoxide or KHMDS, while halide salts (FeCl> or FeBr.) are
the most common iron(ll) sources.

Moreover, softer alternatives have been also developed. More
precisely, metals such as silver® or magnesiuml®¥ can be used
to form a metal-NHC intermediate, from which transmetalation
may occur. Interestingly, these reactions can be performed at
room temperature, and problems of carbene dimerization are
greatly reduced.

In our case, complexation reactions were optimized using the
L1 precursor with usual Schlenk techniques following a one-pot
procedure in DMF at room temperature using potassium fert-
butoxide and iron(ll) chloride as base and metallic source,
respectively (Scheme 2 and Table 1).% The so-formed
complexes were then precipitated with a saturated solution of
potassium hexafluorophosphate. After purification, the target C1
complex was obtained in 44% yield as an inseparable mixture of
geometric, namely facial (fac) and meridional (mer), isomers with
a 1 fac to 14 mer ratio.
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Table 1. Complexation reaction associated data.

Ligand / NHC

Complex precursor Yield (%) fac/mer ratio
??N‘ \
L1/ C1e @ 44 114
\
¥y-N
L2/c28 ey 22 1/8
N
\
L3/c3en 3{N5@ 33 116
5N
\
Y
N
L4 / C4551 ' ® 39 13
LN
L5/ C551 27 1/4

This complexation methodology was further extended to
1,2,4-triazole-based L2 and benzannulated L3-L55"
precursors. The corresponding complexes C2—C5 were achieved
in moderate yields with different fac to mer ratios: 1/8 for C2,50
1/6 for C3,1%"1 1/3 for C45" and 1/4 for C51%" (Scheme 2 and Table
1). From these data it becomes apparent that bulkiness and steric
effects may play an important role since the highest mer
preference was obtained with the least steric demanding ligands,
i.e. L1 and L2, in spite of their rather different anticipated trans-
effects, % while the more sterically demanding L3-L5 resulted in
a higher fac content. Additional experiments are currently ongoing
in our laboratory to properly ascertain the origin of these results.

2.3 Geometry control

Besides its synthetic interest, the control of the stereoselectivity
during complexations may be crucial with respect to the properties
of the resulting complexes. Indeed, the geometrical differences
upon facial and meridional ligand arrangements can result in
distinct photophysical, electrochemical and magnetic behaviour to
name a few.[%-58

Computational investigations of the excited state properties of
fac and mer isomers of C1 (see below) revealed that the
meridional isomer would display the shortest excited state
lifetime. Hence, the facial isomer appeared to be the most
promising one from a photophysical point of view,“% and we
turned then our attention to controlling the stereoselectivity of the
facial complexes of C1.

To address this challenging objective, the L1 precursor was
preorganised on a triethylamine platform yielding the hemicage
precursor L6 as depicted in Scheme 3.5 It is worth to note here
the remarkable effect of microwave irradiation in its synthesis,
allowing for an almost quantitative yields in only 1 h as compared
with other reported structurally-related compounds requiring up to
7 days of reaction.’¥ The corresponding complex C6 was
obtained following the aforementioned protocol albeit using more
dilute conditions to suppress possible polymerization side-
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Scheme 3. Synthesis of tripodal ligand precursor L6 and subsequent
hemicaged complex C6. Counterion is PFe for all charged compounds.

3. Absorption spectra and electrochemical
properties

All complexes were characterized by UV-vis spectroscopy and
electrochemistry, and the main results are shown in Table 2. The
nature of the ligand around the Fe' centre plays a crucial role in
the specific electrochemical and optical properties. Nevertheless,
all complexes showed similar general features: (i) presence of
intraligand [T — 11*] transitions in the UV region and appearance
of two news bands in the visible range corresponding to MLCT
states, the highest-energy one being attributed to iron—carbene [d
— Tr*carp] transitions while the lowest-energy one to iron—pyridine
[d — 1] transitions;® (i) iron-centred oxidation and ligand-
centred reduction.[26:61]

3.1. Imidazolylidene-containing complexes C1 and C6

The UV-vis spectra of bidentate C1 and C6 are depicted in Figure
2, together with that of their tridentate counterpart 1al' for the
sake of comparison. Absorption profiles of both bidentate
complexes appear blue-shifted with respect to 1a. When
comparing C1 (mostly mer configuration) and C6 (pure fac
configuration), a slight red-shift (ca. 9 nm) is observed for the



latter along with a reduction of the intensity of the MLCT [d — 1*py]
band.
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Figure 2. UV-vis spectra of 1a (black), C1 (red), and C6 (blue) in air-
equilibrated CH3CN solution.

As for the electrochemical properties of C1 and C6, both
showed single monoelectronic anodic waves corresponding to the
reversible oxidation of the iron center (Fe' to Fe') at 0.67 and
0.63 V/SCE, respectively. These values are remarkably lower
than that of [Fe(bpy)s]** (Eiwz= 1.05 V/SCE),®? and can be
interpreted as the result of the almost negligible m-accepting
properties of the NHC respect to a pyridyl moiety. These oxidation
potentials are also lower than that of tridentate 1a (E12 = 0.71
V/SCE), evidencing a higher destabilisation of the frontier t2g-like
orbitals that is the most pronounced in C5 and C6. Nevertheless,
an effect of the rigidity imposed by the tripodal ligand on the
solvation and electronic properties cannot be excluded.®!

In the negative bias, two monoelectronic peaks were
observed for C1 and C6 at ca. -2.00 V/SCE. These processes can
be ascribed to pyridine-localized antibonding 1* orbitals. In the
case of tridentate 1a, it only showed one monoelectronic
reduction wave, though at a similar potential. The irreversible
nature of these electron transfers impeded a fair comparison
among these complexes. However, there is no doubt about the
more destabilised T* orbitals of NHC-based complexes with
respect to their polypyridine analogues (E12 = -1.30 V/SCE® for
[Fe(bpy)s]** and E12 = -1.20 V/SCE® for [Fe(tpy)2]?*).

Table 2. Photophysical and electrochemical data for tridentate complex 1a and
bidentate complexes C1-C6.

A.....(nm) E.(Fe/Fe') E. AE
[e(M.cm")]- (V/SCE) (V/SCE) (eV)
287 [31400]
1a 393 [9000] 0.71 (rev) -2.00 (irrev) 2.71

460 [15900]

272 [26000] -1.88 (irrev.) 2.55

c1 360 [5200] 0.67 (rev) .
430 [12100] -1.93 (irrev) 2.60
273 [13654]

c2 340 [4417] 1.04 (rev) -1,68 (rev) 2.74
410 [7980]

286 [60820]

Cc3 337 [12700] 0.87 (rev) -1.63 (rev) 2.50
414 [13980]
271 [44000]
c4 394 [5670] 0.70 (rev) -1.68 (rev) 2.38
481 [9700]
273 [51725]
C5 389 [5910] 0.61 (rev) -1.66 (rev) 2.27
490 [12100]
273 [19500] .
-1.99 (irrev 2.62
(of3} 369 [4500] 0.63 (rev) 210 Eirrev; 273
438 [8000] ’ ’

[a] Measured in CH3sCN at 25 °C. [b] First oxidation potential. Potentials are
quoted vs SCE. Under these conditions, E1/2 (Fe+Fc) = 0.39V/SCE. Recorded in
CH3CN using BusN*PFs (0.1M) as supporting electrolyte at 100 mV. s™. [c]
Electrochemical band gap (AE =Eox —Ered1)

From these results, the observed blue-shift of the absorption
bands in bidentate C1 and C6 in comparison with tridentate 1a
can be related to a shorter ligand m-system (higher antibonding
" orbitals) since metal-based orbitals are more destabilised in
C1 and C6. On the other hand, it is worth noting how facial
coordination allows for an enriched iron centre resulting in lower-
lying MLCT transitions, albeit with a reduction of the absorption
intensity, as observed for C6 with respect to C1.

3.2. Modified carbenes: complexes C2-C5

Regarding complex C2,5% its UV-vis spectrum is plotted in Figure
3 (top). The presence of a supplementary pyridinic nitrogen atom
at the NHC moiety leads to a blue-shift (20 nm) of both MLCT
bands (340 and 410 nm) with respect to those of C1 (360 and 430
nm), while the IL band (273 nm) remains unaffected. Furthermore,
the analysis of its electrochemical properties showed a reversible
behaviour in both positive and negative ranges, with an oxidation
potential of 1.04 V/SCE and a reduction potential of -1.68 V/SCE.
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Figure 3. UV-vis spectra of C1 (black), C2 (red), C3 (orange), C4 (blue) and
C5 (green) in air-equilibrated CH3CN solution to show: (top) heteroatom-doping
effect at the NHC unit; (bottom) benzannulation effect at the NHC unit.

Complexes C3—-C5, however, allow to evaluate the effect of
incorporating r-extended NHC ligands.®®' The corresponding UV-
vis spectra are depicted in Figure 3 (bottom). For these



compounds, the increased molar extinction coefficient of their IL
bands (~275 nm) is consistent with the extension of their -
conjugated system. Although the intensity of the MLCT bands is
similar for C3—-C5 as well as C1, the former clearly showed a
distinct behaviour depending on the annulated ring position in
comparison with non-annulated C1. For instance, bim-based C3
displays a red-shift (15 nm) of the IL band (287 nm) and a blue-
shift (ca. 20 nm) of the MLCT bands (337 and 414 nm). As for
imidazo[1,5-a]pyridine-3-ylidene (ImPy)-based C4-C5, only the
MLCT bands (394 and 481 nm for C4; 389 and 490 nm for C5)
are affected, being instead red-shifted by up to 60 nm. The small
differences between C4 and C5 are due to the presence of a
methyl substituent at the 5-membered ring in C5.

Electrochemical properties also changed as a function of the
benzannulation. In the positive domain, oxidation potentials
varied as follows: C3 > C4 > C5, with C4 having a similar potential
as C1 and all being lower than that of C2. These monoelectronic
transfers were reversible and associated to Fe' oxidation. At
negative potentials, all reductions were found to be bielectronic
reversible transfers as opposed to C1, where two monoelectronic
irreversible waves were identified. Contrary to C1 and C6, the
reversibility of these processes allowed the comparison between
the electrochemical band gap (AE) and the MLCT energies, which
showed the same tendency.[5%

The oxidation potentials reflect the distinct m-accepting
character of the NHC units since it depends on the energy of the
frontier tog-like orbital manifold. Complex C2, with a remarkably
high oxidation potential (1.04 V/SCE), seems to be the best -
acceptor. The additional N atom in the NHC unit reduces the
mesomeric donation of the adjacent N atoms into the p carbenic
orbital, increasing its T-acceptance ability. In the case of C3-C5,
a considerable tr-accepting character could a priori be expected
because of the competing resonance of the lone-pair at the N
atoms with the carbenic p orbital and the more extended -
conjugated systems in blm (C3) and ImPy (C4 and CS5).
Considering that Im (C1) has low T-accepting properties, this
effect is clearly observed for C3 (0.87 V/SCE), but it is barely
noticeable for C4 (0.70 V/SCE). In the case of C5 (0.61 V/SCE),
the presence of the electron-donor methyl group results in an
even higher destabilisation of the metal-centred orbitals over
those of C1 (0.67 V/SCE).

The influence of the nature of the NHC unit on the reduction
potentials is less straightforward. To shed some light, the singly-
occupied molecular orbitals (SOMO) for the one-electron reduced
complexes have been calculated for C1-C4 (Figure 4). These
results showed important differences between C1 and the C2—C4
derivatives. In the former, the extra electron is located exclusively
in the pyridine subsystems. In fac-C1, the electron density is
distributed among the three pyridine units of the three bidentate
ligands L1, whereas in the mer isomer, the electron density is
delocalized over only two pyridines. In contrast, no differences are
observed for fac and mer C2—C4 complexes. Moreover, the extra
electron is localized only over a single ligand spanning the whole
aromatic system of L2 and L4 and only the pyridine subsystem of
ligand L3. Therefore, the lower reduction potentials for C2 and C4
respect to C1 can be attributed mostly to an increased electronic
delocalisation in the reduced species, while in the case of C3 it
can be tentatively ascribed to the electron-withdrawing effect of
the blm unit on the pyridine.

mer-C4

fac-C4

Figure 4. Singly-occupied molecular orbitals (SOMO) of the one-electron
reduced C1-C4 complexes. The geometries have been optimized using the
unrestricted DFT/B3LYP method in combination with the 6-31+G(d,p) basis set
as implemented in the Gaussian 16 software package.®® Solvent effects
(acetonitrile) have been included by means of the polarizable continuum model
using the Gaussian 16 default settings.

As a consequence, the modification of the NHC unit in C2-C5
improved the absorption in the UV region and lowered the
reduction potentials. Nevertheless, the most noticeable effect is
induced on the energy levels of the metal, which allows to
rationalize their different optical behaviour as illustrated in Figure
3, where the MLCT energies are directly correlated to the -
accepting character of the selected NHC.

4. Ultrafast excited state processes

Femtosecond transient absorption spectroscopy (fs-TAS) in the
near-UV/VIS spectral range was carried out on compounds C1 to
C6, in order to determine the relation between chemical structure
(composition and configuration) and the excited state lifetimes
(ESL). Except for C2,5% the ESL and excited relaxation processes
were reported in refs.5!% together with detailed simulation of the
excited state potential energy surfaces (see below). As outlined
in the introduction, the central question is to identify the lifetime of
the SMLCT states, the population of which are in competition with
the one of the 3MC state. For the case of Fe'-NHC complexes,
with three or four carbene bonds, i.e. for a relatively weak ligand
field splitting energies, the observed ESLs are no longer than =30
ps and believed to be limited by *MLCT->3MC relaxation mediated



by Fe-L bond lengthening. Two simplified relaxation schemes
have recently emerged, coined as “sequential” (1) and “parallel”

(2):

Sequentiall'>7]

<100f
mrert =5 3mLer* 3 mMc 3s, ()
Parallel®®

<100fs 3MLCT+r T T—2>S
IMLCT —5 L3P 7200

smLer,” 1,3 s,

Optical excitation populates the 'MLCT singlet states, which
undergo a sub-100 fs intersystem crossing into vibrationally
excited triplet SMLCT* states. The sequential scheme (1) is
consistent with most experiments performed on Fe' complexes
with tridentate ligands, displaying a 3MLCT lifetime (t2) on the
order of 10-30 ps. Their decay goes through the 3MC state, which
rapidly (t3 << t2) couples with the ground state So. Our recent
experiments on Fe' complexed with bidentate ligands, C1 and C6,
revealed a parallel population of two excited states with distinct
lifetimes (relaxation scheme 2) 1w, and 13, the relative
population of which depends on the isomeric state of the complex
(see “molecular modelling” section for more details). A similar
scheme of parallel population was recently reported.[%8!

More recently, femtosecond X-ray emission and scattering
experiments on complex 1a (Figure 1) showed that an ultrafast
branching occurs at the 'MILCT level, leading to a parallel
population of both the 3MC and 3MLCT states, as described in the
“hybrid” scheme (3) below:

Hybrid 169
<to0ss ( 3MLCT+ 3 3Mc 3 s,
— 3)

MLCT* o
3MCt > S,

This scenario was recently confirmed for complex 1b (Figure
1) with femtosecond vibrational coherence spectroscopy.

Note that TAS, when limited to the near-UV/VIS range, cannot
unambiguously discriminate 3SMLCT and 3MC states, as discussed
for Fe'l""l and experimentally shown for Ru" complexes.l" Hence,
a synergy between theory and experiment is required to advance
a meaningful interpretation of the TAS data and cast them in
equivalent relaxation schemes. That was the case in our
combined studies on C1 and C6,5 and more recently on the
series of benzannulated compounds C3-C5,5"! with dominantly
mer isomers (Table 1). For the latter, the TAS data showed two
photo-induced bands with separate lifetimes 12 and 13. When
analysed with global fitting and target analysis, the data were
consistent with the above parallel scheme (2), but also with the
following modified sequential scheme:[5"

Ty
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Here, T1 is an excited triplet state, which relaxes within t2= 2-
3 ps into a vibrationally excited ground state So*. Vibrational
cooling then proceeds on a 15-20 ps time scale (t3), which is a
common time scale for ground state intramolecular vibrational
energy redistribution (IVR) in polyatomic molecules. Based on the
calculations of the excited state energy level (Figure 7), however,

and the similarity of them with those of C1 and C6, we favoured
the parallel scheme (2) for the excited state relaxation scenario.

Excited state lifetimes and relaxation of C2. As pointed out in
section 3.2., the additional N in the carbene-coordinating moiety
stabilizes the metal-centered tog-like frontier orbitals, as well as
the ligand-centered n*. What does that imply for the excited state
lifetime, which will be determined by the interplay between MLCT
and 3MC? Figure 5A shows time-resolved TAS spectra of C2
under excitation with 50-fs pulses at 400 nm, highlighting ground
state bleach (GSB, AOD < 0), and excited state absorption (ESA,
AOD > 0). Note that the latter is roughly 10 times smaller than the
former (break on y-axis). At early delay times (At < 4 ps), the
spectral profile of the GSB shows deviations from the steady-state
absorption spectrum (SSA), most importantly for A < 400 nm,
which indicates the presence of ESA in this range, but
overcompensated by the dominating negative GSB. As for the
other bidentate compounds, the ESA displays very prominent
dynamic narrowing and blue-shifts, here on two distinct time
scales. For At < 1.5 ps, the ESA evolves from a broad
structureless band into an asymmetric line shape with a maximum
at 480 nm (1.7 ps spectrum). At later delays, At = 4 ps, a further
blue-shift occurs, with the appearance of an asymmetric ESA
band whose maximum is at 460 nm, further blue-shifting with time.
Consequently, there is a broad range of wavelengths, 430—-480
nm, for which the signal turns over from initially GSB into ESA.
The GSB amplitude at 410 nm decays by 1/e in = 4 ps, and further
GS recovery occurs on a =12—-15 ps time scale.
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Figure 5. Transient absorption of C2 in acetonitrile after excitation at 400 nm.
A) Differential OD as a function of pump-probe delay times, between 0.33 and
30 ps (values in the legend are in ps). SSA: sign-inverted steady-state
absorption spectrum. Note the different scales for the top and bottom parts of



the y-axis. Details of the dynamic spectral evolution are discussed in the text.
B) Kinetic traces for wavelengths representing ESA (510 and 591 nm), GSB
(sign-inverted 360 and 421 nm), and the GSB/ESA crossover at 450 nm. The
slopes in the semi-log plot highlight the distinct time scales 0.3, =3 and 12 ps.

This is better shown by inspecting the kinetic traces at
selected wavelengths (Figure 5B), together with the best fit curves
obtained by 3-exponential fits. Details of the fit procedure and the
obtained parameters are to be found in the Suppl. Info. From
these fits, three lifetimes emerge, consistent with the above
evolution of the spectra and their amplitudes, as well as with the
slopes in the semi-log plot of the kinetic traces (Figure 5B): 11 =
0.2-0.3 ps, 12 = 3 ps and t3 = 12 ps. The results of global and
target analysis are summarized in Figure 6 and in Figure S1.
Despite the prominent spectral shifts, a global fit with three
wavelength-independent time constants, 3 A (De /T
convoluted with a 50-fs Gaussian instrument response function,
reproduces the individual kinetics very well (Figure S1). It finds 11
=0.3 ps, t2=3.0 ps and 13 = 14 ps. The values of 4;(1), the DADS
(decay-associated difference spectra), are consistent with the
above qualitative discussion (Figure 6A). Assuming a sequential
scheme of relaxation, the “evolution-associated difference
spectra” (EADS) in Figure 6B are the differential spectra of the
transiently populated excited states. The 0.3-ps EADS has
negative amplitude at wavelengths longer than the SSA
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Figure 6. Results of global and target analysis of TAS data of C2 (Figure 5).
Three components are sufficient (see Sl for details), and the lifetimes of 0.3, 3.0
and 14 ps are identified and differentiated by symbols (according to legend). A)
Decay-associated difference spectra (DADS) associated with the three
lifetimes. B) Evolution-associated difference spectra (EADS) = the differential
spectra of three states involved in the excited state relaxation, assuming a
sequential evolution. The assignment of the EADS to SSA: sign-inverted
steady-state absorption spectrum.

spectrum, which is indicative of stimulated emission. Hence,
although significantly longer than reported for other Fe'
complexes,®7374 we suggest this time scale to represent the
lifetime of the emissive "MLCT states, or a vibrationally unrelaxed
form of 3MLCT. On the other hand, the 14-ps EADS is a small
amplitude difference spectrum between the absorption of the 14-
ps lived species and the SSA. The former is very similar to the
SSA, i.e. it has the same shape, but is 10-20 nm red-shifted (see
Figure S2). It is therefore most plausible to assign this long-lived
species to the vibrationally “hot” ground state So* and to propose
the excited state relaxation scheme (5) for C2:

V3yrer+ 3 3mLcr 35y 35, s

In conclusion, the excited state lifetime of C2 is 12 = 3.0 ps,
very similar to the value of the faster decaying excited state
populations observed for the other bidentate complexes (see
above). The spectral shape of the EADS of 12 is very similar to the
those previously assigned to 3MLCT states, in particular owing to
the weaker but extended ESA, spanning = 200 nm on the long-
wavelength of the SSA spectrum.[192054751 \We therefore assign
this lifetime to MLCT rather than to the *MC state. The short value
is limited by intersystem crossing to So probably involving *MC,
which is known to act as an efficient mediator. In conclusion,
despite the large stabilization of both HOMO (t2g-like) and LUMO
(ligand-centred) frontier orbitals as a consequence of the
triazolylidene ligand (see §3.2.), the excited state quenching *MC
state seems to be at lower energies than the 3MLCT, and the Fe'—
L bond relaxation required for reaching the 3MC state appears to
be barrierless at room temperature. This conclusion is in line with
a reduced c-donation ability of the triazolylidene carbene.[’®!

5. Molecular modeling and simulation

As also evidenced by the different experimental studies reported
in the previous sections, understanding, and even more
controlling, the photophysics of iron-based complexes is far from
standard and requires a full comprehension of the potential
energy surfaces of the involved species and states. In this
context, insights provided by molecular modeling and simulations
have all their attractiveness and importance. Traditionally,
computational methods have been used to predict structures,
describe spin-crossover phenomena,’7-79 predict
electrochemical properties, 6081 rationalize optical
properties,8082-881 and elucidate the nature and relative alignment
of MLCT and MC states and the barriers for their mutual
interconversion.®788 The large size of the iron-organic complexes
often imposes the use of DFT and TD-DFT as the methods of
choice for tackling this problem, although the development and
use of other methodologies derived from multiconfigurational
approaches (sometimes in combination with DFT, as in hybrid
DF T/wavefunction formalisms) is growing in the last years.[® On
the other hand, recent advances in quantum!®-%! and surface-
hopping®®®® molecular dynamics methods have allowed® the
simulation of the excited-state dynamics of transition metal
complexes, providing a description beyond the traditional static
diagrams of the excited states at relevant optimized coordinates,
usually at a much higher computational cost.

If the simple localization of the energetic order between MLCT
and MC states has certainly provided important hints on the
electronic bases of the photophysical behaviour of iron



complexes, this strategy alone is not sufficient to account for more
subtle, yet crucial, effects which may ultimately dominate the
photophysics. Hence, the complete exploration of the potential
energy surface landscape is fundamental to answer additional
questions. Thus, the location of the energy minima should be
accompanied by the determination of minimum energy path
(MEP) connecting the equilibrium regions. This strategy, even if
more expensive from a computational point of view, has
evidenced the peculiar photophysics of bidentate NHC complexes
C1 and C6.%!

Molecular modelling has been crucial in understanding the
impact of the fac/mer isomerism on the photophysical outcomes
of bidentate NHC—Fe'" complexes. Triplet MEP determinations for
the two C1 isomers have indeed shown that the MLCT/MC
internal conversions and 3MC/So intersystem crossings are
activated by the asymmetric stretching of one Fe—N bond, hence
representing a prominent route for the deactivation.*® Highly
interesting, the MLCT/MC conversions do not necessarily involve
non-adiabatic transitions mediated by crossing points; instead,
they proceed smoothly in an adiabatic manner. The combination
of molecular modelling and TAS has identified two competitive
decay channels from the lowest-lying triplet states to the ground
state.l® The fastest one involves the decay from T2 directly to the
ground state, whereas the decay from T1 is slower due to the
presence of spin-crossover regions, delaying the ground state
recovery. Whereas these outcomes are difficult to verify
experimentally, the synthesis of the pure fac C6 has confirmed
the consistence of the whole proposed mechanism.®*

In terms of triplet PESs and electronic structure, complexes
C3-C5 exhibit a very similar behaviour, as documented in our
recent experimental/computational study.®' The most important
singlet and triplet stationary points were characterized by means
of TD-DFT, and although the PESs were not explicitly computed,
the energy diagram reveals an energy positioning for C3—-C5 very
similar to that of C1 (Figure 7), thus pointing to a similar fac/mer
influence. The similar qualitative TAS features also support this
finding, even though it is important to remark that the
spectroscopic analyses for C3—-C5 were performed on mixtures
containing mostly the mer isomer. Consequently, the level of
understanding of the role of the isomerism for these complexes is
inferior to that of mer-C1“% and C654 and therefore, a specific
analysis for each isomer is lacking. In all cases, the participation
of the quintet state to the relaxation has been totally excluded
based on its scarce accessibility.
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Figure 7. TD-DFT energy diagram for the fac and mer isomers of C3 and C4.
Only the lowest-lying singlet, triplet and quintet states are shown. Reproduced
with permission from ref. 5" Copyright 2020 American Chemical Society.

The competition between the T+ and T2 channels, and their
relative predominance, seem to depend on subtle differences in
the potential energy surfaces of the two isomers, as illustrated in
Figure 8 for the two isomers of C1. In the fac arrangement, the T+
and T2 surfaces cross in the vicinity of the Franck-Condon region,
allowing for an almost equal distribution into T2 and T+ states.
While T2 is rather flat, T1 is steeper and leads to a spin-crossover
region that slows down the decay to So, as compared to the T2/So
channel. Conversely, in the case of the mer isomer, no crossing
between the T+ and T2 surfaces is observed at the Franck-Condon
region. Hence, T2 is in this case the most populated channel,
leading to a globally fast relaxation. This work has, for the first
time, pointed out the role of isomerism in dictating the overall
photophysical responses in iron complexes.
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Figure 8. Schematic representation of the T2/So and T4/So pathways to
deactivate the excited state in C1. The correspondence with the TAS
components measured experimentally is also shown. Reproduced with
permission from ref.1%* Copyright 2019 American Chemical Society.

Even though the chemical variety spanned by the series C1—
C6 reviewed here only comprises a few examples of the highly
complex chemical space, one could conclude that the excited-
state decay mechanism (dictated by the singlet and triplet PESs)
of the fac/merisomers are not particularly influenced by the nature
of the NHC ligand, at least for this family of iron complexes.
Therefore, considering the parallel relaxation scheme in these
bidentate complexes, mer configurations result in a larger
population of the excited-state decays through the faster T2/So
route.

In the same spirit, the exploration of the potential energy
surface of tridentate NHC complexes has revealed a different
excited-state decay mechanism. Indeed, in these cases, the
decay of the 3MLCT state is delayed due to the presence of an
energy barrier in the pathway before reaching a spin crossover
region that should mediate deactivation.? This aspect is quite
interesting and can be related to the increased overall rigidity of
tridentate compounds, that is most beneficial to avoid relaxation.
As a matter of fact, large scale geometrical deformations have
been identified as the global coordinate driving the 3MC
population. As already pointed out, such a coordinate can be
regarded as the asymmetric enlargement of one of the Fe—N
bonds. In case of bidentate compounds, this deformation is more
favourable due to the less steric constraints, hence the absence
of a barrier in the potential energy surface. This consideration
also raises important questions. While bidentate compounds
possess the ideal geometry to maximize ligand field effect and
destabilize the 3MC states, as compared to the MLCT ones, this



beneficial effect is counteracted by the easier activation of the
relaxing mode promoted by the higher flexibility.

More generally, these results also suggest that mostly
focusing on achieving photoactive iron compounds upon
modulation of the ligand field splitting is not sufficient. Instead,
further attention must be also paid to maximize the metal-ligand
interactionl®” as well as to rigidify the iron coordination sphere via
the introduction of additional ions, ! the presence of bulky groups
at the ligand periphery!®®1%9 or intramolecular interactions such as
n-stacking!'0"-102,

Molecular modelling has also recently proposed totally
alternative strategies based on the functionalization of the iron
complex appending a known aromatic electron acceptor, such as
pyrene or phenanthrene, which could act as an energy reservoir
and whose population is efficiently competing with the metal-
centered relaxation.['®® This suggestion, firstly explored by
Francés-Monerris et al. using computational methods, has
subsequently been proven experimentally albeit on slightly
different compounds.['®!

6. Conclusions/Perspectives

Almost one decade ago it was demonstrated that iron complexes
could be serious candidates for the development of photoactive
materials. While having been widely studied because of their spin
crossover properties, this turning point for iron complexes came
from a judicious design of their coordination sphere. A selection
of strong field NHC-containing ligands, together with the rigidity
imparted by a tridentate coordination mode, allowed for an
outstanding destabilization of the metal-centered orbitals. As a
result, relative long-lived MLCT states were obtained, opening a
great number of new avenues for iron-based coordination
compounds. In this review, we present the main strategies that
have been investigated so far to achieve photoactive iron
complexes, in which NHC ligands continue to play a pivotal role.
Within this framework, we report some of our contributions to the
field dealing with bidentate pyridine-NHC Fe' complexes, from
their synthesis to their ground and excited-state properties by
means of combined photophysical and computational studies.
The asymmetry of the selected bidentate ligands leads to the
synthesis of two distinct geometrical isomers, i.e. facial and
meridional. Unfortunately, their physical isolation is very difficult
to achieve. When compared with their tridentate congeners,
absorption properties of bidentate complexes are slightly inferior.
However, the excited-state lifetimes are comparable even with
one less carbene unit probably due to a better metal-ligand
interaction. Furthermore, we demonstrate noticeable modulations
on the electronic and optical properties of these complexes upon
varying the nature of the NHC moiety. Interestingly, incorporation
of a m-extended NHC can have opposite effects as shown with
structural isomers blm-based C3 and ImPy-based C4 as a result
of the strikingly different m-accepting character of the carbenes.

The approach combining TAS and computational
investigations has proven instrumental for unveiling the excited
state properties of these Fe' complexes. Our results reveal a
parallel relaxation scheme, which is in stark contrast with the
sequential model followed by previous tridentate complexes.
Modelling of the lowest-lying potential energy surfaces is
consistent with this conclusion and identifies the asymmetric
stretching of one Fe-N bond as the driving force for the
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deactivation. While TAS does not allow here to clearly identify the
nature of the excited states, it is worth to note that computational
calculations put in evidence a mixed 3MLCT/®MC character for the
low-lying triplet states, in which the MC character adiabatically
increases with Fe—-N bond elongations. Furthermore, the
meridional and facial ligand arrangements have a non-negligible
impact on the photochemical landscapes. In fact, the relative
population of each of the parallel populated excited states
depends on the configuration, as demonstrated with C1 and C6,
with the mer compounds exhibiting steeper surfaces. As a result,
mer isomers are shown to follow faster relaxation kinetics.

In spite of the great advances obtained so far,['%! we are still
far from the successful development of efficient photoactive iron-
based materials. In this regard, systematic studies correlating
structure and properties are needed for achieving a
comprehensive knowledge of the intricate photophysical and
photochemical features of these compounds. As shown in this
review, bidentate Fe'' complexes hold great promises in this area,
with facial isomers being particularly more interesting as a result
of their longer ESL. In addition, a higher degree of
functionalisation or structural variability in case of heteroleptic
complexes would be possible when compared with tridentate
complexes. So which are the challenges that are currently faced?
First, there is no selective synthesis either for the fac or mer
isomers. Moreover, only NHC-based ligands have been studied
in bidentate fashion. Last but not least, the rigidification of the
coordination sphere seems to be a key player in the excited state
deactivation. Therefore, the opportunities offered by bidentate
ligands will surely spur further interesting developments in the
near future.
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