GDCh
=

Photosensitizers

Research Article

W) Check for updates

Angewandte
Chemie
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2024, 63, €202406438
doi.org/10.1002/anie.202406438

International Edition

A Tetracarbene Iron(II) Complex with a Long-lived Triplet Metal-to-
Ligand Charge Transfer State due to a Triplet-Triplet Barrier

Thomas Reuter, Dimitri Zorn, Robert Naumann, Jan Klett, Christoph Forster, and

Katja Heinze*

Abstract: Mixed N-heterocyclic carbene (NHC) / pyridyl\
iron(Il) complexes have attracted a great deal of
attention recently because of their potential as photo-
catalysts and light sensitizers made from Earth-abundant
elements. The most decisive challenge for their success-
ful implementation is the lifetime of the lowest triplet
metal-to-ligand charge transfer state (*MLCT), which
typically decays via a triplet metal-centered (*MC) state
back to the ground state. We reveal by variable-temper-
ature ultrafast transient absorption spectroscopy that
the tripodal iron(II) bis(pyridine) complex isomers
trans- and cis-[Fe(pdmi),]** with four NHC donors
show *MLCT—’MC population transfers with very
different barriers and rationalize this by computational
means. While trans-[Fe(pdmi),]** possesses an unob-
servable activation barrier, the cis isomer exhibits a
barrier of 492 cm™, which leads to a nanosecond
MLCT lifetime at 77 K. The kinetic and quantum
chemical data were analyzed in the context of semi-
classical Marcus theory revealing a high reorganization
energy and small electronic coupling between the two
triplet states. This highlights the importance of detailed
structural control and kinetic knowledge for the rational
design of photosensitizers from first row transition
metals such as iron. )

1. Introduction

Controlling the interplay between charge transfer (CT)
and metal-centered (MC) excited states constitutes an
essential ingredient to the development of 3d metal
complex luminophores and photoredox catalysts, in par-
ticular with iron as the most abundant transition metal.l'*
While the photoactive metal-to-ligand charge transfer
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(MLCT) states are often well characterized by (ultrafast)
optical transient absorption (TA) spectroscopy thanks to
their characteristic absorption bands pertaining to a ligand
radical anion® and an oxidized metal center, the largely
photoinactive MC states are challenging to identify by TA
spectroscopy. In selected cases, ultrafast X-ray spectros-
copies at XFELs (X-Ray Free-Electron Lasers) can fill
this knowledge gap provided that suitable model com-
plexes for intermediate states are available.”! Femto-
second transient mid-IR spectroscopy has been recently
used to disentangle triplet and quintet metal centered
states (*MC and °MC) of iron(IT) complexes.! The
dynamics of the classical polypyridine complex
[Fe(bpy);]** follows a sequential model
‘MLCT—*MC—°MC on a sub-picosecond time scale
before decaying to the singlet ground state 'GS on longer
times scales (bpy=2,2"-bipyridine, Figure 1).'!' The
M C—!GS spin-crossover of [Fe(bpy);]** has been probed
by variable-temperature (VT) TA spectroscopy by
McCusker giving an activation barrier E,=310cm ™" and a
very small electronic coupling constant H,,=4.3 cm ' due
to the spin change of AS=2."l In polycarbene iron(IT)
complexes the "MC state is often too high in energy to be
populated and hence the dynamics can be described by a
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Figure 1. Molecular structures of selected pyridine iron(ll) complexes
with their *MLCT lifetimes at room temperature and the isomeric
tetracarbene iron(ll) complexes trans- and cis-[Fe(pdmi),J’* designed
and examined in this work.
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three-state model as ‘"MLCT—*MC—'GS after an ultrafast
intersystem crossing (ISC) from the 'MLCT state. Yet,
branching can occur from hot *MLCT or 'MLCT states to
the cold *MLCT and *MC states."'! In Wirnmark’s
seminal tetracarbene photosensitizer [Fe(bmip),]** the
*MLCT—’MC population transfer occurs with a time
constant of 9 ps!"'! according to ultrafast X-ray spectros-
copies (bmip =2,6-bis(3-methyl-imidazole-1-ylidine)-
pyridine, Figure 1)." VT-TA spectroscopic experiments,
which do not rely on XFELs, were not yet performed for
iron(IT) complexes with extended lifetimes, such as
polycarbene iron(II) complexes, to access the decisive
*MLCT—>MC barrier for the *MLCT lifetime, although
this “would be of highest interest” %]

The number of NHCs in polypyridine iron(IT) com-
plexes with meridional coordinating tridentate ligands
contributes to the *"MLCT lifetime enhancement," imply-
ing that an additive ligand field,'*'®! which determines the
*MC state energy, can be assumed in this series. Electron
withdrawing substituents at the pyridine or replacement
of the pyridine by electron-deficient pyrazine or pyrimi-
dine boost the lifetime of derivatives of [Fe(bmip),]** to
26 ps and even 32ps by lowering the MLCT state
energies.'”® A tripodal coordination motif in cis-[Fe-
(dpmi),]*" instead of the meridional motif achieves a 9 ps
*MLCT lifetime already with two NHCs instead of four in
[Fe(bmip),]** (dpmi =di(pyridine-2-yl)(3-meth-
ylimidazol-2-yl)methane, Figure 1).I"! Tris(bidentate) car-
bene/pyridine complexes [Fe(C~N),]*" possess ‘MLCT
lifetimes of 3-20 ps with facial isomers featuring the
longer lifetimes. This difference between fac and mer
isomers shows that a simple additive ligand field is not a
sufficient descriptor for the excited state dynamics.?”
Rather trans effects”! might influence the excited state
dynamics. The hexacarbene complex [Fe(btz);]*" displays
the highest *"MLCT lifetime (528 ps) of a carbene iron(II)
complex so far (btz=3,3"-dimethyl-1,1'-bis(p-tolyl)-4,4'-
bis(1,2,3-triazol-5-ylidene)).’” Dixon and co-workers had
computationally investigated the relative *MLCT/MC
energy levels in iron(IT) complexes with tridentate phenyl-
bipyridine ligands. The *MC state is destabilized when
trans-N—Fe—C arrangements dominate, i.e. not only the
number, but also the coordination site of the phenyl o-
donor determines the *MC state energies.® This
prediction was experimentally confirmed with the lumi-
nescent bis(cyclometalated) complex Fe(Ph-phen), with a
*MLCT lifetime of 1ns (H-Ph-phen=9-phenylphenan-
throline, Figure 1).

Clearly, the number and position of NHCs/pyridines,
the octahedricity (X—Fe—Y angles)?>" and the rigidity/
flexibility®®'*? in the excited states play key roles for the
(thermally activated) *MLCT to *MC internal conversion.
However, the barrier and the electronic coupling between
these triplet states decisive for the excited state dynamics
are challenging to identify. trans-N—Fe—N
coordination™? with a rather weak average ligand field
strength along this axis (z) will become the preferred
Jahn-Teller axis in the lowest energy *MC state in NHC/
pyridine iron(IT) complexes. We hypothesize that the *MC
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state energy will be higher in the absence of an active
N—Fe—N Jahn-Teller axis.

In this study, we probe the electronic and dynamic
effects of the presence or absence of a weak ligand field
axis by means of two designed iron(II) complex isomers
with the same average [FeN,C,] ligand field spanned by
two pyridines and four NHCs in a strictly octahedral
geometry, but with different arrangements of the nitrogen
donors, namely trans- and cis-[Fe(pdmi),]** (H,pdmi=
(2-pyridyl)di(3-methylimidazolium-1-yl)methane-
bis(hexafluorophosphate); Figure 1).

2. Results and Discussion
2.1. Quantum Chemical Calculations

Geometries and energies of the singlet ground state ('GS)
and the lowest energy triplet and quintet states for both
isomers trans- and cis-[Fe(pdmi),]** were calculated by
quantum chemical methods on the density functional
theory level (DFT, B3LYP functional, TZVP basis set,
with dispersion and relativistic correction and continuum
solvent model; Figures S1-S4; Tables S1-S4).

The key metrics of the iron(IT) coordination in the
optimized 'GS and *MC states is depicted in Figure 2. The
main changes involve the Fe—N bonds, which increase
from ca. 2 A in the 'GS to 2.445 A and to 2.518/2.175 A in
the *MC states of the trans and cis isomers, respectively.
Energies of the lowest singlet, triplet and quintet states
were calculated along the respective Fe—N elongation
pathways (Figure 2). The first excited singlet and triplet
states were estimated by time-dependent DFT (TDDFT)
methods at the respective geometries and plotted in the
potential energy diagrams (Figure 2). The *MLCT or *MC
character of the triplet states was identified by inspection
of the calculated spin densities.

For both isomers the high-spin state ("MC) is higher in
energy than the *MC state, which is typical for carbene
iron(IT) complexes,*"*33 but not for polypyridine iron-
(IT) complexes.’™" At the Franck—-Condon geometry, the
MC state of the cis isomer is higher than the MLCT
states, while the "MC state of the trans isomer is closer to
the MLCT states, although the *MLCT states are likely
calculated too high in energy. In contrast to the 'MLCT
states at the Franck—Condon geometry, which are delo-
calized over the iron center and all pyridines (Tables S3
and S4), the spin densities of the *MLCT states are
confined to the iron center and a single pyridine (Fig-
ure 2). Hence, the energies of the relaxed *MLCT states of
the pyridine iron(II) complexes are rather similar. At
short Fe—N distances, the lowest triplet state possesses
*MLCT character, while at larger distances the *MC state
rapidly decreases in energy and the *MC character
dominates the lowest triplet state. Consequently, the "MC
state crosses the ’MLCT state. Importantly, the optimized
*MC state of cis-[Fe(pdmi),]** is at higher energy by
0.36 eV than the optimized *MC state of the trans isomer
(Figure 2). The higher energy *MC state arises from the
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Figure 2. Schematic representation of the potential energy curves
estimated by DFT/TDDFT methods of a) trans-[Fe(pdmi),]** along the
symmetric Fe—N stretching mode and b) cis-[Fe(pdmi),]** along a
single Fe—N stretching mode. The “diabatic” lines merely serve as a
guide to the eye. Geometries with spin densities (orange, isosurface
value 0.01 a.u.; H atoms omitted) of the *"MC and *MLCT states are
depicted at the indicated points [X] with distances in A.

presence of only trans-N—Fe—C and trans-C—Fe—C coordi-
nation and the absence of an “easy Jahn-Teller axis” with
trans-N—Fe—N coordination similar to the computational
predictions for cyclometalated complexes.*! The *MC
energy of the trans isomer rapidly decreases along the
Jahn-Teller axis, while the *MC energy gradient is less
steep for the cis isomer with a trans-N—Fe—C easy axis
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(Figure 2). This different gradient of the *MC energies
along the Jahn-Teller axes shifts the *MLCT/*MC crossing
point to larger geometric distortions and suggests a higher
barrier of the thermally activated *MLCT—*MC internal
conversion for cis-[Fe(pdmi),]**. These computational
predictions will be elaborated experimentally in the
following.

2.2. Syntheses, Structures and Redox Chemistry

The pro-ligand [H,pdmi][PF¢], was prepared from
pyridine-2-carbaldehyde and 1,1-carbonyldiimidazole in
41 % overall yield (Figures S5-S6). Coordination of the
tripodal ligand pdmi to iron(IT) at —70°C, chromato-
graphic workup and recrystallization yielded
[Fe(pdmi),][PF¢], as orange crystalline material as con-
firmed by ESI mass spectrometry and elemental analysis
(Figure S7). HPLC analysis suggested the presence of
trans and cis isomers in a 4:1 ratio (Figure S8). Prepara-
tive HPLC yielded pure trans-[Fe(pdmi),][PF,], (Figur-
es S9-S16). Due to low amount of cis isomer formed at
—70°C, a high temperature synthesis was developed to
increase the proportion of the desired cis isomer. This
isomer is slightly thermodynamically stabilized according
to the DFT calculations with AG,gx=—5 kJmol™'. Yet,
higher temperature also favors NHC ligand decomposi-
tion. Gratifyingly, at 20°C the trans:cis ratio increased to
1:2 (Figure S17). HPLC separation yielded pure cis-[Fe-
(pdmi),][PF,], (Figures S18-S22). NMR and IR/Raman
spectroscopic data of trans-[Fe(pdmi),]** and cis-[Fe-
(pdmi),]** are compatible with the proposed symmetries
and the diamagnetic nature (low-spin) of the iron(II)
complexes (Figures S10-S11, S14-S16, Figures S19-S24).
The structures of the cations were confirmed by SC-XRD
(Figures $25-S26)." The DFT calculations reproduce the
high octahedricity, the Fe—N/C distances (Tables S1-S2)
and the vibrational frequencies and intensities (Figur-
es S23-S24).

Thanks to the strongly c-donating carbene ligands, the
iron(II) complexes are easily oxidized to the respective
purple iron(IIT) complexes by spectroelectrochemistry or
by using [NO][PF] (Figure S27-S30). The iron(I11I) com-
plexes show characteristic CT absorption bands at
517/572 nm and 490/529/582/620(sh) nm for trans- and cis-
[Fe(pdmi),]*", respectively (Figures $29-S30), similar to
the 522/610 nm absorption bands of the bis(carbene)
complex cis-[Fe(dpmi),]**.'”) The absorption bands of the
iron(IIT) complexes will assist the interpretation of the
TA data below.

2.3. Non-Radiative Decay: Steady-State and Time-Resolved
Spectroscopy

Both iron(II) isomers display intense 'MLCT absorption
bands in the visible spectral region (Figure 3a, Figures S3—
S4). The maxima appear at 521 and 471 nm (7430 and
8680 M 'cm™!) for trans- and cis-[Fe(pdmi),]*", respec-
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Figure 3. a) Absorption spectra of trans-[Fe(pdmi),]** (left) and cis-
[Fe(pdmi),)*" (right) in MeCN at 293 K. DFT calculated singlet
transitions shown as sticks (bathochromically shifted by 3600 cm™).
Selected difference densities at 0.006 a.u. (purple =electron density
loss, orange =electron density gain; hydrogen atoms omitted). b) fs-TA
spectra of trans-[Fe(pdmi),]** (left, 2...=520 nm) and cis-[Fe(pdmi),]**
(right, Ae,. =470 nm) in MeOH/EtOH (2:3 v/v) at 293 K. In(k) vs. 1/T
plot in the insets, with k=1/7 of the long-lived component. Arrhenius
fitk= e(%) for cis[Fe(pdmi),]** shown in red. c) Difference
spectrum between trans-[Fe(pdmi),]** and trans-[Fe(pdmi),]** (left)
and between cis-[Fe(pdmi),** and cis-[Fe(pdmi),]** (right) at 293 K in
MeCN.

tively, and are characterized by charge shifts from the iron
center to the two pyridines (Figure 3a, top). According to
TDDFT calculations and charge transfer number analyses
(Tables S3-S4, Figures S3-S4), the sharper band of the
trans complex is assigned to a single transition (Fe—py,;
calcd at 424 nm, with oscillator strength f=0.162), while
the broader band of the cis isomer is composed of four
Fe—py, transitions at 413, 429, 430 and 441 nm with
similar oscillator strengths (f=0.047, 0.037, 0.031, 0.047).
Hence, the TDDFT calculations nicely reproduce the
experimental 'MLCT band shape. According to the
calculations, the trans and cis isomers exhibit additional
weak low-energy transitions at 475/470/462/455 (f=
0.00152/8.0x10°/1.1x107%/1.5x10°%) and 483/468 nm (f=
0.00185/0.00058), respectively (Tables S3-S4). The pres-
ence of only weakly allowed low-energy 'MLCT bands
will be relevant for the discussion of the radiative decay
below.

To probe the excited state dynamics, we employed VT
ultrafast TA spectroscopy (Figures S31-S63). fs-TA spec-
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tra of both iron(II) complexes were recorded at 293 K in
MeOH/EtOH (2:3 v/v) (Figure 3b, Figures S31-S32). In
both cases, the ground state bleach (GSB) fits to the
respective (negative) 'MLCT absorption band suggesting
only weak excited state absorptions (ESAs) in this
spectral region (Figure 3). Low-energy ESA at 570/585 nm
(hot, i.e. <0.5ps) and 555/545 nm (thermally relaxed) is
apparent for the trans/cis isomers. These ESAs fit to the
absorption bands of the respective iron(III) complexes
(Figure 3c, Figures S29-S30). This match suggests an iron-
(IIT) character of the excited states supporting the MLCT
nature as typically observed for NHC iron(II)
complexes.!'131417203233] The ESAs around 400 nm can be
assigned to the signature of pyridine radical anions with
electron withdrawing substituents.”! This fits to the MLCT
assignment of this state.’™ The TDDFT calculated absorp-
tion bands of the *MLCT state matching with the TA
spectra (Figures S62-S63) and the solvent dependence of
the dynamics (Figures S31-S32, S60-S61) further confirm
the *MLCT assignment. Consequently, the ‘MC—'GS ISC
occurs directly without a measureable barrier in both
cases. The parallel ESA decay and GS recovery without
accumulation of intermediate states confirm that only a
single reaction dominates the dynamics in the
*MLCT—*MC—'GS sequence. This is also suggested by
the DFT calculations (Figure 2).

The MLCT lifetimes of the trans and cis isomers at
293 K amount to 7,03 (trans) =8.0/14.5 ps and t,9x(cis) =
8.6/15.2 ps MeOH/EtOH (2:3 v/v) and MeCN, respec-
tively (Figures S31-S32/S60-S61). Conversely, *MLCT
lifetimes of a bis(cyanido) macrocyclic iron(II) complex
are longer in MeOH than in MeCN, which might be
explained by distinct Lewis acid/Lewis base interactions
of the solvent with the coordinated cyanide.® The values
for [Fe(pdmi),]** are similar to the 9 ps *MLCT lifetime
of the bis(carbene) complex cis-[Fe(dpmi),]** in spite of
the larger average ligand field imposed by four
carbenes.'”! The different excited state dynamics of cis-
[Fe(pdmi),]** as compared to the trans isomer reveals
itself at lower temperature.

VT-TA spectroscopy for trans-[Fe(pdmi),]** between
293 and 193K in fluid MeOH/EtOH solution shows no
change in the lifetime, hence no activation barrier is
observable (Figure 3b, left inset; Figures S33-S44). On the
other hand, the VT-TA data of cis-[Fe(pdmi),]** reveal
an Arrhenius-like behavior with an activation barrier E,=
492cm™' and a pre-exponential factor A=1.35x10"?s™"
(Figure 3b, right inset; Figures S45-S56). The larger
barrier for the cis than for the trans isomer agrees with the
DFT model (Figure 2). Expectedly, the barrier of cis-
[Fe(pdmi),]** is much smaller than the barrier of
3800 cm ' in the 4d metal complex [Ru(bpy);]** obtained
by VT-luminescence lifetime measurements.?*> At 130 K
in the viscous MeOH/EtOH mixture, the *MLCT lifetime
of the cis isomer even increases to ty3x(cis)=177 ps
(Figure S57).

In the following, the Arrhenius data of cis-[Fe-
(pdmi),]** are discussed in the picture of semi-classical
Marcus theory using harmonic potentials, although this
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might be an oversimplification in light of the anharmonic
potentials calculated by DFT (Figure 2)."! E, is connected
to the reorganization energy 1 and the driving force AG,
by eq. 1.1

(AGy +1) *
Ea = T (1)
A= zj }Hab| (2)

b /amk,T

As the driving force AG, is unknown experimentally, we
estimate AGy=—(1.929-0.985) eV =—7620+1000 cm™' from
DFT derived energies of the *MLCT and *MC states
(Figure 2). Solving the quadratic relationship for the reor-
ganization energy gives A, =12720+£1250cm™ and /,=
4570+£750 cm™', respectively. The lower value for the
reorganization energy (4,) is discarded on the basis of the
DFT calculations predicting a large energy difference
(17290 cm™) between the *MC and *MLCT electronic
structures at the *MC geometry. The substantial reorganiza-
tion energy of A, =12720 cm ' arises from the large displace-
ment of the *MC potential curve along the Fe-N distortional
axis (from ca. 2.0 to ca. 2.5 A, Figure2b). From the
connection of the Arrhenius factor A with the electronic
coupling H,, by eq. 2, we estimate H,,=814+6 cm™' for the
*MLCT—>MC internal conversion.

We discuss this unprecedented value of H,, for a ‘MLCT
to *MC reaction path of an iron(II) complex in comparison
to the spin-crossover (MC—'GS) process of [Fe(bpy);]**
and M*"/M*" electron self-exchange reactions of iron and
ruthenium complexes. Due to the second-order nature of
the spin-crossover process, the electronic coupling between
MC and 'GS is with H,,=43cm™ very small®™ In the
present case of *MLCT/MC coupling, no spin change is
involved, so that a larger H,, is plausible. The observed
electronic coupling is somewhat larger than that for the
[Fe(H,0)¢]*t">" self-exchange reaction (H,,=30cm™' at an
Fe--Fe distance of 6.36 A),"**! but smaller than for Ru**"*
self-exchange reactions at even larger distances (H,,=100/
145 cm™', 10.5/13.3 A).P*#42 Considering the short electron
transfer distance for the *"MLCT—>MC transition, which can
formally be described by a charge shift from the n* orbital
of the pyridine to the 3d,, orbital of iron*! with a ring center
to iron distance of ca. 3.3 A, the value H,,=81+6cm™
appears rather small.

A closer look at the symmetries of the involved wave
functions of the *MLCT—*MC internal conversion and the
spin densities (Figure 2b) of the *"MLCT and *MC states is
instructive (Figure 4). The pyridine n* and the iron 3d,
orbital are close to orthogonal. This orthogonality should
lead to a vanishing electronic coupling H,,—0. However, in
the *MC state, the pyridine is tilted with a Fe-N-C,,,, angle
of 158° in addition to the Fe—N elongation and a small
N—Fe—C(trans) angle compression from 178° to 174°
(Figures 3 and 4).

The tilting of the ligand and the decrease of the
N—Fe—C(trans) angle, which is already apparent at the
*MLCT/MC crossing point (Figure 2b), leads to overlap of
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Figure 4. Schematic description of the modes determining the
*MLCT—*MC transition including the relevant orbitals, which affect the
electronic coupling H,.

the pyridine n* and the iron 3d,, orbitals as schematically
illustrated in Figure 4. This overlap enables vibronic
coupling™! along this mode. In rigid matrices, tilting and
hence the coupling might be reduced. Consequently, we
measured the *MLCT lifetime of the cis isomer in a frozen
MeOH/EtOH mixture at 77 K. Indeed, the *MLCT lifetime
increases to the nanosecond range with z,,x(cis)=1.67 ns
(Figures S58-S59).

With the above interpretation of the *MLCT to *MC
population transfer in the framework of Marcus theory, the
parameters to raise the activation barrier for this detrimen-
tal process are the driving force AG,, the reorganization
energy A and the electronic coupling H,,. So far, the main
efforts in the design of iron(IT) photoactive complexes were
devoted to lowering AG, by increasing the energy of the
*MC and/or decreasing the energy of the *MLCT states.
Here, we suggest A and H,, as additional decisive parame-
ters. The reorganization energy A is composed of inner-
sphere and outer-sphere components 4; and A,. The inner-
sphere reorganization energy 4; increases by a large nuclear
displacement along a specific mode. However, large dis-
placements also lower the energy of the relaxed *MC state,
which raises AG,. The outer-sphere reorganization energy 4,
should increase in polar solvents as the *MLCT and *MC
states have large and small dipole moments, respectively.
The DFT calculated change in dipole moment amounts to
Au=11 D for cis-[Fe(pdmi),]**. Huge dipole moments have
also been measured for the ">’ MLCT states of [Fe(bpy);]**
1 Hence solvent polarity might be a useful parameter.
However, polar solvents also stabilize the MLCT states,
which counteracts the increase in A,. Furthermore solvent
effects can even play subtle roles in transitions between MC
states, e.g. in the "MC—'GS spin-crossover.*’! These consid-
erations on A make straightforward predictions challenging.

2.4. Radiative Decay

The long *MLCT lifetime of cis-[Fe(pdmi),]>* at 77 K
prompted us to attempt luminescence measurements with
MLCT excitation (450 nm cw laser; 450 and 470 nm Xe arc
lamp; observation range 475-1600 nm) in frozen MeOH/
EtOH solution and in the solid state at 77 K. However, no
SMLCT luminescence band could be observed with our
equipment.
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This raises the question why the phosphorescence rate
ky(T,—S,) of cis-[Fe(pdmi),]** is so small that no lumines-
cence is observed in spite of the nanosecond lifetime (with
T,=>MLCT and S,='GS). Phosphorescence rate constants
k, (eq.3) rely on intensity borrowing of the T, state
(CMLCT) from S, states (‘MLCT’s), which are close in
energy, i.e. with small E(S,)— E(T;) energy differences.
These singlet states should possess high transition dipole
moments (S| >, e7/]S,,) and a different orbital composition
than the T, state to induce spin-orbit coupling
(S,|Hgo| Ty ) ¥ Inspection of the lowest energy 'MLCT
transitions of cis-[Fe(pdmi),]** calculated by TDDFT
(Table S4) reveals that the lowest energy 'MLCT states,
which are close in energy to the *MLCT state, possess only
very small oscillator strengths f <0.0016 and hence small
transition dipole moments. Furthermore, their orbital com-
position is similar to that of the lowest energy *MLCT state,
which prevents large spin-orbit coupling. Overall, the
presence of these low-energy, low-intensity '"MLCT states
might explain the absence of luminescence of cis-[Fe-
(pdmi),]** in spite of the long *MLCT lifetime. Long lived
but dark *MLCT states of iron(Il) complexes had been
reported before in a few cases, yet this discrepancy was not

discussed before.?>3!

3. Conclusion

For the tetracarbene pyridine iron(IT) complex cis-[Fe-
(pdmi),]** variable temperature transient absorption (VT-
TA) spectroscopic measurements revealed an activation
barrier of 492 cm™ for the *MLCT—’MC internal conver-
sion leading to a nanosecond *MLCT lifetime at 77 K. The
so far essentially neglected parameter of the excited state
decay of iron(II) sensitizers, the electronic coupling of the
*MLCT and *MC states H,,, has been estimated for the first
time and an iron-pyridine bending mode is suggested to
vibronically couple these triplet states. Our study demon-
strates that VT-TA measurements in conjunction with DFT
calculations can reveal important information of the excited
state dynamics, which would have been missed with room
temperature spectroscopic data only. Reducing H,, might be
a viable strategy to retard non-radiative decay of iron(II)
sensitizers. This might be achieved by increasing the electron
transfer distance in the MLCT—’MC conversion and by
rigidification of the chromophore. With the new information
at hand, we actively strive to achieve high *MLCT lifetimes
of iron(II) sensitizers at higher temperature.
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Supporting Information

The Supporting Information contains synthesis and separa-
tion procedures, experimental spectroscopic data and quan-
tum chemical data (pdf) including Cartesian coordinates
(xyz). The authors have cited additional references within
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