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Kurzzusammenfassung

Ruthenium(ll)-komplexe finden breite Anwendung als Photosensibilisatoren. Wegen der
geringen Verfugbarkeit von Ruthenium und der damit verbundenen hohen Kosten ist es
sinnvoll, Ruthenium(ll) durch das leichtere und deutlich hdufigere Homolog Eisen(ll) zu
ersetzen. Allerdings birgt die intrinsisch geringere Ligandenfeldaufspaltung von Eisen(ll) die
Problematik sehr geringer Lebensdauern der angeregten Zustande, wodurch sich ihre
photochemische Anwendung als &ufRerst herausfordernd gestaltet.

Diese Arbeit beschreibt die Entwicklung von pseudo-oktaedrischen Eisen(ll)- und
Ruthenium(ll)-komplexen, die das Konzept der hohen lokalen Symmetrie mit dem Push-Pull-
Liganden-Design verbinden. Ziel ist es, Metall-zu-Ligand-Charge-Transfer (MLCT) angeregte
Zustande zu stabilisieren und metallzentrierte Zusténde zu destabilisieren, deren Besetzung
die Depopulierung von Charge-Transfer angeregten Zustédnden fordert. Mit dem neuen
Liganden 6,2”-Carboxylpyridyl-2,2’-methylaminpyridyl-pyridin (cpmp), der sowohl N-CHs-
Briicken mit o-Donor-Eigenschaften als auch C=0-Briicken mit n-Akzeptor-Eigenschaften in
einem einzelnen Liganden vereint, wurden die homoleptischen Push-pull-komplexe
[Ru(cpmp)2]?* und [Fe(cpmp)z)?* synthetisiert. Ebenso wurden die heteroleptischen Komplexe
[Ru(cpmp)(ddpd)]?* and [Fe(cpmp)(ddpd)]?>* mit dem literaturbekannten N,N’-Dimethyl-N,N’-
dipyridin-2-yl-pyridin-2,6-diamin (ddpd) Liganden mit zwei o-donierenden N-CHs-Briicken
dargestellt.

Die Ruthenium(ll)-komplexe [Ru(cpmp)2]?* und ([Ru(cpmp)(ddpd)]?* zeigen Phosphoreszenz
bei 709 nm bzw. 755 nm mit Quantenausbeuten von 1.3 % bzw. 0.04 %. Die geringere
Quantenausbeute des heteroleptischen Komplexes kann durch die flexibleren N-CHs-Briicken
erklart werden, die eine geringere Aktivierungsbarriere fur strahlungslose Relaxation
ermoglichen. Gleichwohl fungieren beide Komplexe als Photosensibilisatoren in der durch
grunes Licht aktivierten Thiol-En Klick-Reaktion.

Die homologen Eisen(ll)-komplexe zeigen energiearme MLCT-Absorptionsbanden bei
610 nm. Allerdings ist die MLCT-Lebensdauer von weniger als 100 fs zu kurz fir
Phosphoreszenz oder photochemische Anwendungen. Die gemessene Lebensdauer des
angeregten Zustandes von 500 ps kann dem 5T-Zustand zugeordnet werden. Dynamik-
Berechnungen der angeregten Zustande bestéatigen die Ubliche Relaxations-Abfolge
IMLCT—*MLCT—3*MC—°>MC—'A der angeregten Zustéande.

Quantenchemische Berechnungen haben die Klasse der [Fe(N*N"C)(N*N~N)]*-
cyclometallierten Eisen(ll)-komplexe als gute Kandidaten mit erhéhten Lebensdauern der
angeregten Zustande prognostiziert. Daher wurde der Komplex [Fe(pbpy)(tpy)]* (Hpbpy = 6-
Phenyl-2,2’-bipyridin und tpy = 2,2":6’,2”-Terpyridin) durch Jakob Steube synthetisiert. Die
photophysikalischen Eigenschaften sind signifikant besser als die von [Fe(tpy)s]?*. Die *MLCT-
Lebensdauer wurde auf 800 fs gesteigert, verglichen mit 145 fs fur [Fe(tpy)s]**. Sie wurde
durch zeitaufgeltste UV/Vis-Spektroskopie durch Ayla Kruse (geb. Papcke) bestimmt, die
Zuordnung erfolgte Uber spektroelektrochemische Untersuchungen von Johannes Moll.
Allerdings ist diese Lebensdauer zu gering fir Phosphoreszenz oder photochemische
Anwendungen.

Der Ligand 2,6-Diguanidylpyridin (dgpy) ist ein starker o-Donor. In Erwartung dadurch
stabilisierter Charge-Transfer-angeregter Zustande wurde das Verhalten von dgpy in Eisen-
komplexen untersucht. Sowohl der homoleptische Eisen(ll)- als auch der homoleptische
Eisen(lll)-komplex zeigen keine Emission. Wahrend der Eisen(lll)-komplex im low-spin-
Grundzustand vorliegt, zeigt das meridionale Isomer des Eisen(ll)-komplexes Spin-Crossover-
Verhalten, was eine recht geringe Ligandenfeldstarke impliziert. Dartiber hinaus liegt in Losung
zusatzlich das cis- faciale Isomer vor, das einen high-spin-Grundzustand aufweist.






Abstract

Ruthenium(ll) is well applied as photosensitizer. Due to its low abundance and consequently
high cost it is worthwhile to replace ruthenium(ll) by the more abundant homologue iron(ll).
The intrinsically lower ligand field splitting makes it challenging to design iron(ll) complexes
with sufficiently long excited state lifetime for photochemical applications.

This work describes the development of pseudo-octahedral iron(ll) and ruthenium(ll)
complexes combining the concept of high local symmetry with a push-pull ligand design to
stabilize metal-to-ligand charge transfer (MLCT) excited states and destabilize quenching
metal centered states. Using the novel 6,2”-carboxylpyridyl-2,2’-methylaminepyridyl-pyridine
(cpmp) ligand combining both, the o-donating N-CHs bridge and one w-accepting C=0 bridge
in a single ligand, the homoleptic push-pull complexes [Ru(cpmp).]?* and [Fe(cpmp)2]** were
synthesized. Additionally the heteroleptic [Ru(cpmp)(ddpd)]** and [Fe(cpmp)(ddpd)]?*
complexes bearing the literature known N,N’-dimethyl-N,N’-dipyridine-2-yl-pyridine-2,6-
diamine (ddpd) ligand with two o-donating N-CH3; bridges were synthesized.

The ruthenium(ll) complexes [Ru(cpmp)z]?* and ([Ru(cpmp)(ddpd)]?* show phosphorescence
at 709 nm and 755 nm, respectively, with quantum yields of 1.3 % and 0.04 %, respectively.
The lower quantum yield of the heteroleptic complex can be rationalized with the more flexible
N-CHjs bridges enabling a lower energy barrier for non-radiative relaxation. Nevertheless, both
complexes act as photosensitizer in a green-light-sensitized thiol-ene click reaction.

The homologue iron(ll) complexes show low-energy MLCT absorption bands around 610 nm.
However, the MLCT lifetime below 100 fs is too short for phosphorescence or photochemistry.
The measured excited state lifetime of around 500 ps can be assigned to the °T state. Excited
state dynamics calculations confirm relaxation occurs along the typical
IMLCT—3MLCT—3MC—°MC excited state relaxation cascade.

As the class of [Fe(N*"N*C)(N*N~N)]* type cyclometalated iron(ll) complexes were predicted
by quantum chemical calculations to be good candidates for increased excited state lifetime,
the [Fe(pbpy)(tpy)]* (Hpbpy=6-phenyl-2,2’-bipyridine and tpy=2,2":6’,2”-terpyridine) complex
was synthesized by Jakob Steube. The photophysical properties are significantly improved in
comparison to [Fe(tpy)s]?*. The 3MLCT lifetime is increased to 800 fs compared to 145 fs for
[Fe(tpy)s]?*. It was estimated by timeresolved UV/Vis spectroscopy, performed by Ayla Kruse
(geb. Papcke). Spectroelectrochemical investigations by Johannes Moll were used for the
assignment. However, this lifetime is too short for phosphorescence or photochemistry.

The 2,6-diguanidylpyridine (dgpy) ligand is a strong c-donor. Expecting this ligand to stabilize
charge transfer excited states, the performance of dgpy in iron complexes was investigated.
Both, the homoleptic iron(Il) and the homoleptic iron(lll) complex are non-emissive. While the
iron(Ill) complex is proved to have a low-spin ground state, the iron(ll) complex shows spin
crossover behavior in its meridional isomer, implying a rather low ligand field strength.
Furthermore, the cis-facial isomer is present in solution, featuring a high-spin ground state.
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1. Abbreviations and Units

1. Abbreviations and units

Abbreviations

Agr absorbance of the ground state species
Aox absorbance of the oxidized species

Ared absorbance of the reduced species

B Racah parameter

bpy 2,2’-bipyridine

bpp 2,6-di-pyrazol-2-yl)pyridine

btz 4,4’ -bis(1,2,3-tri-azol-5-ylidene)

B3LYP Becke, 3-parameter, Lee—Yang—Parr
CPCM conductor-like polarizable continuum model
cpmp 6,2”-carboxylpyridyl-2,2’-methylaminepyridyl-pyridine
CT charge transfer

dbtpy 6,6”-dibromo-2:2,6":2”-terpyridine

dcpp 2,6-bis(2-carboxypyridyl)pyridine

dctpy 6,6"-dichloro-2:2,6’:2"-terpyridine

ddpd N,N’-dimethyl-N,N’-dipyridine-2-yl-pyridine-2,6-diamine
DFT density functional theory

dftpy 6,6"-difluoro-2:2,6’:2”-terpyridine

dgpy 2,6-diguanidylpyridine

dpb 1:2’,5:2”-dipyridylbenzene

dgp 2,6-di(quinolin-8-yl)pyridine

DSSC dye sensitized solar cell

D3BJ Becke-Johnson damping

e.g. exempli gratia

E potential energy

Eox ground state oxidation potential

E*ox excited state oxidation potential

Ep spin pairing energy

Ered ground state reduction potential

E*red excited state reduction potential

Eoo energy of the electronic origin of the excited state
EXAFS extended X-ray absorption fine structure

f frequency

FcH ferrocene

g Landé factor

Ohs degeneration of the high-spin state

Ois degeneration of the low-spin state

HERFD high-energy-resolution fluorescence detected
hs high-spin

I integrated emission intensity

IC internal conversion

i.e. id est

ILCT intraligand charge transfer

IR infra-red

ISC intersystem crossing

K equilibrium constant

Ks Boltzmann constant

Kni hs-Is exchange constant



1. Abbreviations and Units

LC

LEC
LIESST
LL'CT
LMCT
Is

M

mbip
MC
MECP
MLCT
Na

NHC
NMR
pbpy
PET
phen
phtmeimb
ptz

r

R
RIJCOSX
S

SCO
SQUID
[Sub]
SVP

T

Ty
‘Bu-bip
TCSPC
TD-DFT
TIESST
tpy

TS
TZVP
UV/Vis
VS.
XANES
XAS
XES
XRD
ZORA
o

hs

As

rate constant for non-radiative relaxation
emission decay constant with quechncher
guechnching constant

rate constant for radiative relaxation
emission decay constant without quechncher
ligand

ligand centered

light emitting electrochemical cell

light induced excited spin state trapping
ligand-to-ligand charge transfer
ligand-to-metal charge transfer

low-spin

metal
2,6-bis(1’-methylimidazol-2’-yl)pyridine
metal centered

minimum energy crossing point
metal-to-ligand charge transfer

Avogadro number

N-heterocyclic carbene

nuclear magnetic resonance
6-phenyl-2,2’-bipyridine

photo-induced electron transfer
1,10-phenanthroline

phenyl(tris(3- methylimidazol-1-ylidene))borate
1-propyl tetrazole

distance

ideal gas constant

resolution of the identity chain-of-spheres exchange
spin quantum number

spin crossover

superconducting quantum interference device
substrate concentration

split valence polarization

temperature

Spin crossover transition temperature
2,6-bis(1’-tert-butyl-imidazol-2’-yl)pyridine
time-correlated single photon counting

time dependent density functional theory
thermally induced excited spin state trapping
2:2',6":2"-terpyridine

transition state

valence triple-zeta polarization
ultraviolet/visible

versus

X-ray absorption near edge structure

X-ray absorption spectroscopy

X-ray emission spectroscopy

X-ray diffraction

zeroth order regular approximation

chemical shift (NMR spectroscopy), isomer shift (M6Rbauer spectroscopy)
chemical/isomer shift of the high-spin state
chemical/isomer shift of the low-spin state



AAex
AEn
AEq
AEghs
AEQ,IS
Af
AG
AH
Ao
AS
ASeI
ASspin
ASyib
At
A(T)

Pabs
@Pem

Xm
B
Meft

Units

eV
meV

cm™
nm

us
ps
fs

%

1. Abbreviations and Units

ligand field splitting

excited state difference absorbance

Energy difference between high-spin and low-spin state
guadrupole splitting

guadrupole splitting of the high-spin state
guadrupole splitting of the low-spin state
frequency difference

Gibbs free energy change

enthalpy change

ligand field splitting in octahedral coordination
entropy change

electronic entropy change

spin contribution to electronic entropy change
vibrational entropy change

ligand field splitting in tetrahedral coordination
line width of NMR resonance

emission quantum yield

number of absorbed photons

number of emitted photons

magnetic susceptibility

molar magnetic susceptibility

Bohr magneton

effective magnetic permeability

lifetime

Kelvin

electron Volt
millielectron volt
Volt

Joule

reciprocal centimeter
nanometer
Angstrom
second
microsecond
picosecond
femtosecond
degree

percent (1/100)






2. Introduction

2. Introduction

Ruthenium(ll)

Emissive ruthenium(ll) complexes like [Ru(bpy)s]** (bpy: 2,2’-bipyridine, Figure 2a) are used
as light harvesters in dye sensitized solar cells (DSSC), in light emitting electrochemical cells
(LECs), and are also used as photocatalysts.-*Y This complex helps to understand the optical
properties of d® transition metal complexes. The intense high energy absorption band around
285 nm in the UV/Vis spectrum of [Ru(bpy)s]** (Figure 1a) results from the spin allowed ligand
centered (LC) mum* excitation (Figure 1b). As this transition does not involve significant charge
separation, the geometry remains unchanged upon excitation.'>¥ Special cases of these
ligand centered excitations are intraligand-charge transfer (ILCT) and ligand-to-ligand charge
transfer (LL'CT). These processes describe transitions from m_ into m.* orbitals as well but
attributed with a charge transfer from an electron rich part of a ligand to an electron deficient
part of the same ligand (ILCT) or another ligand (LL’CT). The low energy absorption band
around 450 nm is attributed to a metal-to-ligand charge transfer (*MLCT) occurring from a mm.
orbital to a m.* orbital (Figure 1b). This process represents a formal oxidation of the metal
center accompanied by a reduction of a ligand ([Ru"'(bpy)(bpy)2]?").24 No metal based
antibonding orbitals are populated and therefore as in the case of a simple LC excitation this
excitation has almost no effect on the complex geometry.* Ruthenium(ll) complexes usually
show phosphorescence from the corresponding triplet states (3MLCT) that are populated from
the (initially) excited *MLCT states via intersystem crossing (ISC).*2% For [Ru(bpy)s]?* the
IMLCT absorption band peaks at 452 nm, the resulting *MLCT emission band at 615 nm.[8
The phosphorescence quantum yield equals 6.3 % in water at room temperature®” and 38 %
in methanol/ethanol at 77 K819 with 3SMLCT lifetimes of 0.62 ps (H20, 298 K)1® and 5.21 us
(methanol/ethanol, 77 K)1*819 respectively. In d® complexes with a higher effective nuclear
charge, the charge transfer process occurs in the opposite direction (from om. Or 7. into v or
omc*). This ligand-to-metal charge transfer (LMCT) absorption usually shows a lower energy,
and a lower extinction coefficient compared to the MLCT absorption of d® complexes.

In contrast to CT excitation, the metal centered (MC, dd) mwowm* excitation in d® metal
complexes populates metal-ligand antibonding metal centered orbitals leading to an elongation
of metal-ligand bonds that depends on the character of the populated antibonding orbital.[*220-
22l In case of population of the d- orbital in the T state which is orientated towards two donor
atoms usually two trans-positioned metal-ligand bonds are elongated. The population of the
dx-y- orbital leads to an elongation of four metal-ligand bonds in the xy-plane. In the °T state
all six metal-ligand bonds are elongated. These transitions typically feature low extinction
coefficients as they are forbidden by quantum-mechanical selection rules for parity (Laporte's
rule) and orbital angular momentum.*3 The population of metal-ligand antibonding orbitals
enables photosubsitution reactions from these states.**3l Moreover, these MC states open an
additional pathway to fast non-radiative decay back to the ground state by potential energy
surface crossing points and vibrational cooling. Once the metal centered 3T14 and 3T,y (3MC)
states are thermally populated from the *MLCT state via internal conversion (IC), fast non-
radiative relaxation occurs from these states and quenches phosphorescence.!?2l

The absorption and excited state properties of [Ru(bpy)s]?* type complexes can be tuned by
modifying the ligand. However, the A/A chirality of the ruthenium(ll) complexes with differently
substituted bidentate ligands enables the formation of diastereomers which complicates the
synthesis of pure diastereomers, as well as associated characterization.?*31 Another
disadvantage of [Ru(bpy)s]?*-like ruthenium(ll) complexes with bidentate ligands is their
relatively low photostability.2-351
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Besides the previously mentioned classical 3T state with the elongation of two trans-positioned
Ru-N bonds towards two different bpy ligands, also called 3Tyans State, the 3Tgs State with
elongated Ru-N bond towards a single bpy ligand has been found with a similar activation
barrier.?? While the 3Tyans State is not expected to enable ligand loss, the 3MCg; state facilitates
photodegradation as both Ru-N bonds of the same bpy ligand are elongated. From both T
states photosolvolysis can occur either by two successive photochemical reactions or
concerted via a one-photon mechanism.?23-381 The stepwise mechanism proceeds via bpy
dissociation through the formation of a x!-bpy intermediate with one coordinating solvent
molecule and photorelease of the k!-bpy ligand by absorption of a second photon, followed by
the coordination of a second solvent molecule. In the one-photon mechanism, the initial
photoexcitation is followed by dechelation, solvent coordination, and bpy release. All
processes occur sequentially within the triplet excited-state manifold.[?2-36-38]

L b) E
a)e/Lmol” cm™ ) EA om(eg")
1000004 o YS!
80000 _ T %
] z =
600004 ) 9 | 9 § Y
. n AlA
40000
200004
300 400 500 600 700 800
A/ nm ML

Figure 1: a) UV/Vis (black) and emission (red) spectrum of [Ru(bpy)s]?* in water;[18:3%-41 b) excitation pathways in
octahedral MLs complexes.

Higher stability towards photoisomerization can be achieved by using 2:2’,6’:2”-terpyridine
(tpy) instead of bpy.*? Modifications of this ligand at the central pyridine do not lead to different
isomers, these ligands form meridional isomers exclusively and thus A/A chirality is avoided
facilitating syntheses and isolation.*¥! However, the intraligand N-Ru-N bite angle in
[Ru(tpy)2]?* (Figure 2b, R = R? = H) of 159°*4 is smaller than that of [Ru(bpy)s]?* (173°).1
This reduces the metal-ligand orbital overlap and thereby the ligand field splitting. This
reduction is sufficient to quench phosphorescence at room temperature via thermal population
of the 3T state. Therefore, this complex is virtually non-emissive at room temperature in
acetonitrile (@ < 5x10™ %)“¥ and shows a significantly lower quantum yield in frozen
propionitrile/butyronitrile solution at 77 K (4.8 %)®¢47 compared to [Ru(bpy)s]** (38 %).[18:19
The 3MLCT lifetime is also significantly smaller (0.25 ns in acetonitrile at room temperature, e
11 ps in propionitrile/butyronitrile at 77 K).1#647]
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R' = R? = H: [Ru(dqp),?*

Ru(dpb)(tpy)]*
R = RZ = COOE: [Ru(dqp-COOE),]2* [Ru(dpb)(tpy)]

R' = R? = H: [Ru(tpy),]**
R' = NH,, R? = COOEt:
[Ru(tpy-NH,)(tpy-COOEt)|** [Ru(dcpp))** [Ru(pbpy)(tpy)l*

Figure 2: Ruthenium(ll) complexes.

To overcome the disadvantage of emission quenching by low lying metal centered states,
push-pull complexes like [Ru(tpy-NH2)(tpy-COOEY)]?* (Figure 2b, R; = NH2, R, = COOETL) with
an electron donating and an electron withdrawing ligand were designed. Here, the c-donating
character of the tpy-NH. ligand increases the energy of the ow.* orbital leading to a
destabilization of the 3T state while the n-accepting character of tpy-COOH decreases both the
energy of the n.* and of the nw (t2g) oOrbitals leading to a stabilization of the MLCT states. 2443l
The quantum vyield of 0.18 %, the emission lifetime of 34 ns, and theoretical calculations
indicate the success of this concept.?**? The push-pull design in combination with
enlargement of the chromophore system can further stabilize the *MLCT state.304349 A
stabilization of the MLCT state by introducing an arene spacer between the central pyridine
moiety and the carbonyl or amine groups is accompanied with a disruption in the n-conjugation
which hinders this desired improvement.*%051 The improvement of SMLCT lifetimes and
guantum yields is still limited even with a push-pull concept. The push-pull design reduces the
HOMO-LUMO gap and thereby the energy gap between the Y*MLCT states and A4 ground
state. A decrease in this energy difference leads to more efficient non-radiative relaxation,
according to the energy gap law.1352-54

Six-membered-ring chelate ligands feature 180° bite angles in contrast to five-membered-ring
chelate ligands, i.e. 159° for [Ru(tpy).]?*.**5® The more efficient orbital overlap between the
pyridine nitrogen lone pairs and the d orbitals of the central metal with eg symmetry (approx.
90°) destabilizes the eg* orbitals and increases the ligand-field splitting compared to five-
membered-ring chelate ligands.®® This increased ligand-field splitting leads to a larger energy
difference between MLCT and °T states, which hinders non-radiative deactivation via the 3T
state.

One approach to form six-membered-ring chelate ligands is the substitution of the terminal
pyridine moieties in the tpy ligand by quinoline moieties forming the 2,6-di(quinolin-8-
yl)pyridine (dgp) ligand.® The more flexible six-membered-ring chelate ligands additionally
induce a helical chirality due to a helical twist of the ligand around the metal center.®6571 This
helical twist allows a N-Ru-N bite angle in [Ru(dgp).]?* (Figure 2c, R1 = R, = H) of 178° which
enables a better orbital overlap compared to [Ru(tpy)z]** and subsequently results in a *MLCT
lifetime of 3.0 ps and a phosphorescence quantum yield of 2 %.1¢) However, the synthesis is
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complicated due to the formation of different isomers, namely mer-, cis-fac and trans-fac, which
is a drawback for six-membered-ring chelate ligands because of their higher flexibility
compared to five-membered-ring chelate ligands.®® The comparably low increase in lifetime
to 8.5 ps at 77 K compared to room temperature indicates the successfully blocked
deactivation via SMC states resulting from the increased ligand field strength.>%¢ Theoretical
investigations on [Ru(dgp)2]?* reveal a significantly larger activation barrier for the 3MLCT-*MC
transition compared to [Ru(tpy)2]?*.5% While this conversion induces only minor Ru-N bond
stretching in [Ru(tpy)2]?* the deviation in [Ru(dqp)2]?* is larger.

By introducing substituents in the 4-position of the pyridine moieties, the properties of
[Ru(dgp)2]**-type complexes can be tuned (Figure 2c, R1, R2).% Lifetimes between 0.45 and
5,5 ps and quantum yields between 0.04 and 7 % were reached with different
substituents.®556:58.601 The complex with the best performance (5.5 ps lifetime and 7 % quantum
yield) is [Ru(dgp-COOEt),]?* (Figure 2¢, R1 = R, = COOE).[% Using benzoquinone as donor
(R1 in Figure 2c¢) and phenothiazone as acceptor (Rz in Figure 2¢) attached in the 4-position at
the pyridine moieties, a donor-photosensitizer-acceptor triad is formed that is capable of
photoinduced charge separation with a lifetime of 200 ns.[%

The formal introduction of carbonyl spacers between the pyridine moieties in the tpy ligand
gives the six-membered-ring chelate ligand 2,6-bis(2-carboxypyridyl)pyridine (dcpp).®? In
[Ru(dcpp)2]** (Figure 2d) the phosphorescence quantum yield was increased to 30 % in
acetonitrile at room temperature (43 % in propionitrile/butyronitrile at 77 K, 4.8 % for
[Ru(tpy)2]?* under same conditions).[6:47:62

While the dcpp ligand bears electron withdrawing carbonyl bridges, in N,N’-dimethyl-N,N’-
dipyridine-2-yl-pyridine-2,6-diamine (ddpd), the pyridine moieties are connected via methyl-
amine bridges.®® This ligand is widely used in transition metal complex chemistry.[6 A
combination of the five-membered-ring chelate ligand tpy-COOEt and the six-membered-ring
chelate ligand ddpd was applied to disable isomer formation.!?*31 However, quantum yield and
lifetime were low because of the restrictions associated with five-membered-ring chelates. 2434

Cyclometalating ligands like 1:2°,5:2”-dipyridylbenzene (dpb) and 6-phenyl-2,2’-bipyridine
(pbpy) are strong o-donors, and therefore destabilize the quenching metal-centered states
resulting in increased luminescence properties for the ruthenium(ll) complexes, when
compared with [Ru(tpy)2]**.%4 Nevertheless, cyclometalated polypyridine ruthenium(ll)
complexes like [Ru(dpb)(tpy)]* (Figure 2e) and [Ru(pbpy)(tpy)]" (Figure 2f) typically exhibit very
weak room temperature emission.451 While in tris(bidentate) [Ru(N"N)2(N~C)]* complexes,
the predominant relaxation pathway was found to be tunneling into high-energy vibrationally
excited singlet states enabling comparably high quantum vyields, emission quenching in
bis(tridentate) cyclometalated ruthenium(ll) complexes occurs via different pathways with
lower activation barriers.®>571 |In  [Ru(N*CAN)(N*N~N)]* type complexes, such as
[Ru(dpb)(tpy)]* (Figure 2e), emission quenching is dominated by two thermally accessible
triplet states, that flank the emissive 3MLCT state (°T state and a 3LL’CT state).[®® The 3LL'CT
state is non-emissive because of the orthogonality of both ligands resulting in a symmetry-
forbidden radiative process.® Additionally, non-radiative relaxation is possible via a
SMLCT—*A surface crossing. As a result of the orthogonality of both ligands a stronger push-
pull effect introduced by substituents in the ligand backbone does not increase the quantum
yields but quenches the emission via the dark 3LL'CT state.®® [Ru(N*N~C)(N*N”N)]* type
complexes like [Ru(pbpy)(tpy)]* (Figure 2f) are supposed to circumvent the low-energy non-
emissive 3LL'CT states by lowering the symmetry of the complex. Neither °T nor 3LL'CT are
thermally accessible.®® However, the triplet and singlet minimum energy crossing point
(MECP) comes close to the relaxed *MLCT minimum resulting in an efficient non-radiative
deactivation channel.!®!
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[ron(ll)

A major drawback that must be considered when using ruthenium in photophysical applications
is its low abundance and subsequent high cost. The abundance of the 3d homologue iron is
more than 7 orders of magnitude higher.® It is therefore a potential candidate to replace
ruthenium(ll) in these applications. It is important to note that the ligand field splitting of 3d
metal complexes is weaker than that of 4d or 5d metal complexes because of the primogenic
effect.’>-721 The absence of nodes in the radial distribution function of the first p, d and f shells
(i.e. 2p, 3d, 4f) results in a higher effective nuclear charge and thereby a contraction of the
respective orbitals. This contraction of the d orbitals leads to decreased overlap of metal-d and
ligand orbitals which implies a smaller ligand field splitting than in higher homologues. A major
consequence of the intrinsically smaller ligand field splitting is that the 5T,q (*MC, high-spin)
state (red in Figure 3) along with the 3T14 and 3T,y ((MC, blue in Figure 3) states is lower in
energy than the 3MLCT state. Moreover, weak ligands like NCS™ lead to a ligand field splitting
A below the critical ligand field splitting Ac resulting in the T,y state as ground state (see
Tanabe-Sugano diagram, Figure 3a). Therefore, iron(ll) complexes mostly have very short
MLCT lifetimes and are non-luminescent. The relaxation from the Y3MLCT states into the °T
states occurs within fs (150 fs for [Fe(bpy)s]**1"®!) as does the following intersystem crossing
into the 5T state (70 fsl’®). The comparably long lived °T state (676 ps for [Fe(bpy)s]?*1"4)
undergoes vibrational cooling into the ground state. This double ISC from a °T to a A state is
known as spin crossover (vide infra).

0 104720 30 40 .
Al B r(Fe-L)

Figure 3: a) Tanabe-Sugano diagram for d® complexes, the green circle highlights 5T2¢/3T14 crossing point; b)
schematic potential energy diagram for iron(Il) complexes (TS = transition state; MECP = minimum energy
crossing point).[9
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The spin crossover phenomenon

The ground state electronic configuration (as previously described) depends on both the
ligand field strength and ligand structure. For example, geometric strain can lead to a °Txg
(®MC, high-spin, hs) ground state, instead of *Ag (low-spin, Is). As antibonding om. (€4*)
orbitals are populated in the T4 state the metal-ligand bond lengths are elongated by
around 0.2 A compared to the A, state. ["*-81 Therefore, the high-spin state can be stabilized
by ligand systems that hinder a shorter metal-ligand bond length in the range usually
observed for low-spin complexes. The increased bond lengths in the high-spin state result in

a higher vibrational state density and a less steep potential surface as depicted in Figure
4.180.81]

Nis s r(Fe'L)=

Figure 4: Schematic potential energy diagram of an iron(ll) d® complex showing high-spin (hs) and low-spin (Is)
state on the average metal-ligand bond length (r(Fe-L)), Arn is the difference in metal-ligand bond length, AEn the
energy difference between hs and Is state.

The difference in bond lengths between high and low-spin state is described by Ary (as the
average Fe-L distance for a specific reaction coordinate). The crossing point between Ag and
5T, potentials (Ac) indicates the critical ligand field strength, where the ligand field strength
(Ao) equals the spin pairing energy (Er). Spin crossover (SCO) can occur when Ag is in close
to Ac.[8%82 Typical values for Ao for hs, Is and SCO complexes are given in Table 1. Thermal
SCO can occur when the energy difference between hs and Is state (AEn) is lower than the

thermal energy (kT = 200 cm™).

Table 1: Typical values for Ao in cm™ for hs, Is and SCO complexes.[82

| no SCO Sco
hs <11 000 11 500 — 12 500
Is > 21 500 19 000 — 21 000

SCO can generally occur in 3d metal complexes with the electron configuration of d*~d’. SCO
can be induced by thermal energy, light irradiation or pressure.®! The switching between two
different states occurs with a concomitant change of the structural, optical, chemical and
magnetic characteristics.®Y These property changes makes SCO compounds promising
candidates for application in data storage devices, 384 displays,®? actuators® or sensors.®
However, the thermal accessibility of the °T state results in an insufficient charge transfer
excited state lifetime for photochemical applications while the °T state is usually redox-inactive.

The occurrence of SCO depends on the ratio between the ligand field strength (Ao) and spin
pairing energy (Ep). The electronic ground state is either a A state (Ao>Ep) or a °T,4 state
(Ao<Ep).BY SCO can only be observed if Ao and E, are of similar magnitude. Although spin
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crossover is generally possible for all transition metal complexes with a d*-d’ electron
configuration, ligand field theory can help to predict whether SCO is likely to occur or not. While
the spin pairing energy Ep is not significantly influenced by increasing the nuclear charge, the
ligand field strength Ao increases. Therefore, only 3d metals show SCO, while complexes of
heavier homologues feature solely the Is ground state configuration, and no SCO behavior.
Oxidation of a complex (without changes in coordination sphere), can also increase the ligand
field strength.®”l Thus, oxidation of a SCO complex usually results in the loss of the SCO
characteristics. Furthermore, SCO behavior cannot occur in tetrahedral complexes because
the small tetrahedral ligand field strength Ar = %/ Ao, results in the exclusive formation of hs
complexes.®”1 The majority of examples in the literature refers to Fe'" (df), Fe'" (d°) and Co" (d")
as a result of matching Ao and E,.[®8#° Fewer examples are known for Co" (d®), Mn" (d®), Mn"!
(d*) and Cr" (d*) complexes.[*® Changes can be made to the ligand geometry, and its electronic
structure, and thus Ao can be tuned to facilitate SCO behavior.

The spin crossover phenomenon was first discovered in 1930s by Cambi et al. as temperature
dependent change in the magnetic behavior of [Fe"(R2NCS)2)3] (R: alkyl), it was at the time
inaccurately reported as two different isomers.[®>°% A correct description of this phenomenon
followed 30 years later®-%¢ and has resulted in numerous reviews.97-103l

The thermodynamics of the SCO process is described by the Gibbs-Helmholtz equation:*°4
AG = AH —TAS equation 1

where AG is the difference in Gibbs free energy, AH the difference in enthalpy, T the
temperature and AS the difference in entropy. During the spin transition, AG is zero at the
transition temperature Tu,.

With the definition of the Gibbs free energy!*®4

AG = —RTIn(K) equation 2
depending on the ideal gas constant R, the temperature T and the equilibrium constant K (hs
and Is as product and educt of the spin transition), AH and AS can be estimated from any
spectroscopic data that give access to the hs/Is ratio using equation 3:

hs AH-TAS .
K = Ko exp (— = ) equation 3

Typical values of AH and AS for iron(ll) complexes are 10—-20 kJ mol™ and 50-80 J K™ mol™,
respectively.®21% The difference in entropy between hs and Is state is a consequence of
electronic (ASe) and vibrational (AS.is) entropy changes. ASe is composed of spin (ASspin) and
orbit contributions and a result of the hs degeneracy (5 fold for the spin contribution and 3 fold
for the orbit contribution) of the hs (°T,g) state, while the Is (*Ayg) state is non-degenerate. By
taking the different degrees of degeneracy of hs (gns) and Is (gis) states for ideal octahedral
complexes with T states into account, ASe can be estimated, using (equation 4):[82.105.106]

_ gns\ _ 15 _ -1 -1 )
ASy = Rln (gls) = Rin(2) = 225 mol ™ K equation 4
As the orbit contribution is often quenched by symmetry usually it can be ignored resulting in:

~ = gns\ _ 3\ = -1 -1 .
ASe) = ASgpin = Rin (gls) =Rin (%) = 134 mol "' K equation 5

The electronic contribution to AS is about 30 % while the remaining 70 % are attributed to ASyip
resulting from intramolecular stretching and vibrational deformation modes, due to elongation
of metal-ligand bonds.[8?:105:106]

Considering the characteristics of the SCO process as transitions between two states, the
change in structural, magnetic and optical properties can be gradual or abrupt. Cooperative
effects between several switchable spin centers influence the behavior of thermal spin
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transition.®? The different spin transition curves in Figure 5 represent the influence of
intermolecular cooperativity.'®2 Weak intermolecular interactions result in a gradual SCO over
a wide temperature range (Figure 5a), which is usually the case in solution. Independent spin
centers follow Boltzmann statistics.'71%! |n the solid state a gradual SCO is related to
propagation of structural changes through the solid.[®? A higher level of cooperativity leads to
an abrupt spin transition (Figure 5b) where the SCO occurs “simultaneously” for all spin centers
within a few Kelvin. Thermal hysteresis (Figure 5¢) can occur because of structural phase
changes allowing two different electronic states in the same system within a specific
temperature range (bistability). This type of hysteresis is a requirement for storage and memory
applications.3107.18] |ncomplete spin transitions in a material are the result of defects in a
crystal lattice. The corresponding spin transition curve is similar to Figure 5a but the low
temperature hs/Is ratio does not reach zero as a significant amount of spin centers remains in
the hs state or the high temperature hs/ls ratio does not reach the maximum as not all spin
centers switch to hs state at high temperature.>1% |ncomplete transitions can also be
explained by a kinetic effect related to rapid freezing, known as “Thermally Induced Excited
Spin State Trapping” (TIESST).[t10-113]

a) % hs
A

A
1004-------mmmmemeees /—‘100

501-----msmmemene g /

Tir2 T Tis2 T Tiz T'ip2 T

Figure 5: Schematic representation of possible spin transitions plotted as hs molar ratio vs. temperature: a)

gradual, b) abrupt, c) abrupt with hysteresis.
Light induced excited spin state trapping (LIESST) is the process of light induced SCO. This
effect can be observed for the complex [Fe(ptz)s]** (ptz: 1-propyl tetrazole, Figure 6a).[t1411°]
Irradiation with green light (4 = 515 nm) at low temperature populates the ligand field states
1T14 and Ty, from the A4 ground state (black arrows in Figure 6b).[*1411% Relaxation via the
triplet states 3T,y and 3Ty, results in repopulation of the A, state, or population of the
metastable °T,4 state. Under prolonged irradiation at low temperature a complete conversion
to the °Tq4 state is possible. At low temperature the system is trapped in this state as thermal
energy is required for relaxation into the A4 ground state. The LIESST effect can also occur
in iron(I) complexes coupled with suitable ligands from *MLCT excited states. Subsequent ISC
into the triplet states enables population of the 5T state. Besides thermally induced relaxation
from the metastable 5Tq State into the A4 ground state, light induced depopulation of the 5T
state is possible (reverse-LIESST effect, red arrow in Figure 6b). In this case, optical excitation
of the 5Tyq state leads to population of the °Eq4 state and subsequent repopulation of the Ty
state or population of the *A;4 ground state.®™ Under continuous irradiation at 753 nm at low
temperature a complete recovery of the A;y ground state is observed for the [Fe(ptz)es]?*
complex.i*16l
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Figure 6: a) [Fe(ptz)s]?*; b) schematic representation of states involved in the LIESST process.
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Concepts to increase charge transfer excited state lifetime

For photochemical applications thermal population of the °T state must be avoided. Moreover,
the charge transfer excited state has to be stabilized to extend its lifetime and potentially
achieve luminescent iron(ll) complexes.

This solution is not without challenges, the MLCT energy lowering is limited by the energy gap
law, and small energy differences between the 'A and the 3MLCT state can lead to direct non-
emissive relaxation to the ground state.® The Tanabe-Sugano diagram of d® complexes
(Figure 3) shows the consequence of an increase of the ligand field splitting.[**”! The energies
of the lowest energy metal centered states *Tig, 3T2g (blue) and °Toq (red) increase with A/B.
While the ligand field splitting (A) is dependent on metal-ligand orbital overlap, the Racah-
parameter (B) depends on the covalent character of the metal-ligand bond.*¢!

The population of a metal centered excited state is not only dependent on the relative energies,
but also on the respective activation barrier. This refers to the 3MLCT-T transition state (TS)
in the case of the °T state which is shown in Figure 7a.l! In the case of the °T state it is related
to the ST/AMLCT-T MECP. The higher the **T energies are, compared to the MLCT state, the
higher are the TS and the MECP. A larger MECP energy can also be achieved by strong
distortion between two states leading to a horizontal displacement of the metal centered states
in the energy diagram.

a)AE 3MLCT \E 3MLCT

r(Fe-L) r(Fe-L)
b)AE mcTt  94E

5T SMLCT

4T
6A Nt
2T 1A
°T
r(Fe-L) r(Fe-L)

Figure 7: Potential energy diagrams illustrating the influence of the different concepts on the excited state
energies for a) iron(Il) with high symmetry, push-pull systems, NHC and mesoionic carbene ligands and
cyclometalating ligands; b) iron(Ill) complexes and c) iron(ll) complexes with 5T ground state resulting from high
strain.

To achieve a MLCT stabilization and MC destabilization, there are few concepts that must be
discussed in detail.*® The influence on the potential energy surfaces of the respective states
is illustrated in Figure 7 where the same anharmonicity for all potentials is assumed and the x-
axis represents the totally symmetric distortion (Aig) although other nuclear coordinates can

be relevant as well.[¢!
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[Fe(btz)s]** [Fe(pbpy)sl] X=F: [Fe(dftpy)z]22+
X = Cl: [Fe(dctpy),]**
X = Br: [Fe(dbtpy),]**

Figure 8: Iron(Il) complexes as prototypes for the different concepts towards luminescent iron(ll) complexes.

A high local [FeNs] symmetry enabled by six-membered-ring chelate ligands results in a better
orbital overlap, and consequently higher ligand field splitting. These ligands enable N-Fe-N
bite angles close to 180°, and a nearly ideal octahedral coordination geometry. This increased
six-membered-ring chelate ligand concept was tested using the [Ru(dcpp).]?* iron homologue
(Figure 8a).I"® The N-Fe-N bite angle of 178° is significantly closer to the ideal value of 180°
than for [Fe(tpy)2]?* (161°).°%2% The dcpp ligand is highly symmetric, and contains two
carbonyl groups making it a highly electron withdrawing ligand. The low energy =n* orbitals
make it a good n-acceptor while the pyridine moiety acts as o-donor. Comparing the cyclic
voltammogram and UV/Vis absorption data to those of [Fe(tpy)z]** reveals stabilization of the
nme (t2g) Orbitals and, concomitantly, a stabilization of the MLCT state as illustrated in Figure
7a.['9121.1221 Nevertheless, the complex follows the classical excited state deactivation pathway
IMLCT—3MLCT—3T—5T—*A and is non-luminescent.l’87°1221 A different explanation for the
comparably short excited state lifetime of 280 ps ([Fe(tpy).]*: 960 ps) is based on the
assumption of the 3T state as lowest excited state corresponding to a ligand field strength
higher than the °T,¢/°T14 crossing point in the Tanabe-Sugano diagram (O in Figure 3a). A
direct 3T-*A relaxation would occur instead of a °T population. This explanation was ruled out
on the basis of ultrafast time resolved X-ray spectroscopy.®7® The shorter excited state
lifetime could have been explained by a stronger electron coupling between the T and the
ground state and a lower reorganization energy, resulting from a single spin transition
compared to a double in a 5T-*A relaxation.[”®1% |nstead the short excited state lifetime results
from a significantly lower °T-!A reorganization energy for [Fe(dcpp):]** compared to
[Fe(tpy)2]2+.[78'79]

A combination of the dcpp ligand with the electron-rich ddpd ligand leads to the push-pull
complex [Fe(dcpp)(ddpd)]?* (Figure 8b).*221 Here the push-pull effect does not result from
different substituents but from c-electron donating methylamine and r-electron withdrawing
carbonyl bridges between the pyridine moieties. A MLCT state stabilization accompanied by a
destabilization of the MC states was expected (Figure 7a). Yet, the Y3MLCT lifetime is below
100 fs and the complex is non-luminescent as well.?2) The MLCT energy is comparable to that
of [Fe(dcpp)2]?*, the ligand field strength is 45 meV smaller and the excited state lifetime of
548 ps (attributed to the 5T state) is between the values for [Fe(dcpp)2]?* and [Fe(tpy)z]?*.[%122)
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The [Fe(dcpp)(ddpd)]?* complex underlines that not only the excited state energies but also
the energy of transition states and MECPs need to be taken into account as the population of
the 3T and °T states is not solely dependent on the relative energy minima of the respective
states.

While the highly symmetric and m-accepting ligands stabilize the tyg orbitals, a different
approach to increase the ligand field splitting is the destabilization of the eg* orbitals using
strongly s-donating N-heterocyclic carbene (NHC) ligands.!*?31241 One of the first iron(ll) NHC
complexes is [Fe(mbip)2]** (mbip: 2,6-bis(1’-methylimidazol-2’-yl)pyridine, Figure 8c).!%! The
SMLCT lifetime of 9 ps can be extended to 16 ps by replacing the imidazolylidene moiety with
benzimidazolylidene or using carboxyl groups in the 4-position of the pyridine moieties, and
extended to 26 ps with a combination of both.[*?5-12 However, their s-donation capabilities do
not sufficiently destabilize the detrimental MC states and hence, the achieved MLCT lifetimes
are too low. Therefore, the introduction of a n-accepting moiety is necessary to further increase
the ligandfield splitting and the MLCT lifetimes.

Based on this concept, the first phosphorescent iron(ll) complex was designed. The n-system
in FeNHCPZn (Figure 9a) was expanded by a zinc(ll)-porphyrin.*?8 The SMLCT state shows a
lifetime of 160 ps (estimated by a pump-probe experiment; phosphoresce lifetime was 175
ps).?8l The MLCT state is comparably long lived as well, with a lifetime of 0.3 ps.*?® The
significant polarization of the MLCT to the zinc-porphyrin minimizes the wave function overlap
between MLCT and MC states resulting in an extended MLCT lifetime.

2+ b)

FeNHCPZn [Fe(phtmeimb)s]*
Figure 9: First luminescent iron complexes.

Another important aspect that affects the MLCT lifetime of iron(ll) complexes with NHC ligands
is the N-substituent. To illustrate this [Fe(mbip)2]** (Figure 8c) is compared with its tert-butyl
derivative [Fe(‘Bu-bip)2]** (‘Bu-bip: 2,6-bis(1’-tert-butyl-imidazol-2’-yl)pyridine). The distortion
in the ST state relative to the A state is stronger for [Fe(mbip).]?* than for [Fe('‘Bu-bip).]>*. This
results in a stronger destabilization of the 5T state in [Fe(mbip),]** compared to [Fe('Bu-
bip)2]?*.[122130 Therefore, the highly distorted 5T state is not populated in [Fe(mbip)2]?* while
the [Fe('Bu-bip)2]** complex follows the typical SMLCT—3T—5T—A relaxation cascade.*?5130

To overcome the relatively weak n-accepting character of NHC ligands, mesoionic carbene
ligands like 4,4’-bis(1,2,3-tri-azol-5-ylidene) (btz) can be used that feature stronger o-donor
and m-acceptor properties.'*¥ The strong c-donor ability can be explained by the formal
negative charge on the carbene C-atom, seen in the resonance structures of btz, while the ©*
orbital is lowered by additional N-atoms, increasing the m-accepting ability.*11%2 The
homoleptic [Fe(btz)s]** complex (Figure 8d) shows a record 3MLCT lifetime of 528 ps. This is
primarily due to destabilized metal centered states.[**¥) However, no phosphorescence has
been reported.

The high o-donating character of the btz ligand results in a low oxidation potential of —0.58 V
vs. FcH/FcH*.'®¥ The oxidation product [Fe(btz)s]**, a low-spin 3d® complex, exhibits
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fluorescence from a 2LMCT state of 100 ps lifetime with 0.03 % quantum yield at room
temperature.**4 For low-spin iron(lll) complexes, the ground state is a 2T state. The initial
photoexcited state is a 2LMCT state. ISC into the lower lying T and °A states is comparable to
the processes in iron(ll) complexes as well as the geometric distortion in these states (Figure
7b). The main difference when compared with iron(ll) complexes is the spin-allowed emission
process. While phosphorescence from a SMLCT state is spin-forbidden, the 2LMCT
fluorescence is spin-allowed. As the rate constant for the fluorescence is competitive to the
rate constant of the non-radiative 2LMCT—*T relaxation, 2LMCT fluorescence occurs at shorter
lifetimes (than that required for phosphorescence from *MLCT states of d® complexes).

A higher fluorescence lifetime (2.2 ns) and quantum yield (2%) was achieved with the
[Fe(phtmeimb).]" (phtmeimb: phenyl(tris(3- methylimidazol-1-ylidene))borate) complex (Figure
9b).1**® This facially coordinating ligand enables a rigid, nearly ideal octahedral coordination
sphere. Together with the anionic scorpionate-like structure, this leads to further destabilization
of metal centered states in this complex compared to [Fe(btz)s]3*.[13423% In both complexes the
4T/°A states are lower in energy than the 2LMCT state. However, the activation barrier is
sufficiently high to oppress their MC state population and, as a result, (spin-allowed) 2LMCT
fluorescence is enabled. 341351

Cyclometalating o- and n-donating ligands have been successfully applied to ruthenium(ll)
although the limit of this concept has been shown.55568% So the effect on iron(ll) was
investigated by means of quantum chemical calculations. Derivatives of the iron(ll) complex
[Fe(tpy)2]?* with one or two pbpy (6-phenyl-2,2’-bipyridine) or dpb (1:2,5:2-dipyridylbenzene)
ligands, where pyridine units are replaced by phenyl moieties at different positions e.g.
[Fe(pbpy).] (Figure 8e) were compared to the parent complex [Fe(tpy)z]?*.*361371 The MLCT
states are strongly stabilized by ~1 eV due to the stronger n-donor capabilities which decrease
the energy of n.* orbitals.**”1 The destabilizing effect on the ow.* orbitals due to the strong o-
donation is reduced by the n-donation capability of cyclometalating ligands that destabilizes
the mw. orbitals resulting small changes (0.2 eV) of the 3T state energy.**:131 When using
dpb ligand (where the central N-atom is replaced by carbon) the °T state is stabilized, while it
is destabilized using pbpy (where a N-atom in the peripheral pyridine ring is replaced by a
carbon atom). Calculations were carried out on [Fe(dpb)(pbpy)] and it was found to be
promising because of hindered *MLCT-°T conversion.*3"138 However, a general slowdown of
this process is predicted by DFT calculations as a result of cyclometalating ligands.*37-139
These calculations were also carried out on a cyclometalated iron complex featuring more than
two phenyl moieties and predicted an oxidation to iron(lll) .*%8 Although the results of these
calculations were promising, the experimental access to these complexes is more complicated
and furthermore for corresponding ruthenium(ll) complexes, a low photoluminescence was
observed (vide supra).658l

A fundamentally different approach to increase the MLCT lifetime is the use of highly strained
iron(ll) complexes to force the complex to adopt a °T ground state by interligand steric
repulsion. From this °T ground state the initially photoexcited state is a *MLCT state.
Intersystem crossing can lead to a ‘MLCT state as shown in Figure 7c. The steric strain hinders
the population of the 'A state that requires comparably short metal-ligand bond lengths.
Besides the potential luminescent relaxation into the °T ground state, non-radiative relaxation
via the °T state is possible.

In the series of the homoleptic iron(ll) complexes (Figure 8f) with 6- and 6’-fluorine, chlorine
and bromine substituted tpy ligands (dftpy (6,6”-difluoro-2:2,6’:2”-terpyridine), dctpy (6,6”-
dichloro-2:2,6’:2”-terpyridine), and dbtpy (6,6”-dibromo-2:2,6’:2”-terpyridine) the MLCT
lifetime increases from 14.0 to 16.0 and 17.4 ps.4914l Here, an increasing MLCT lifetime
corresponds to an increased activation barrier to the 3T state, a direct result of the
destabilization of the °T state (Figure 7c). Therefore, the energy of the °T state strongly
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depends on the size of the halogen substituent; this is because of the higher metal-ligand
bonding character of the °T state compared with the *’MLCT or °T state. The reorganization
energy related to this ¥’"MLCT-T ISC also increases in this series, because of an increased
geometric strain.’* However, all three complexes are non-luminescent.

Influence in SCO behavior

Besides the concepts to stabilize charge transfer excited states there are concepts to facilitate
SCO behavior. For example, the formation of the A4 state in [Fe(dftpy).]?*, [Fe(dctpy)2]** and
[Fe(dbtpy)2]** (Figure 8f) is hindered by halide substituents. In case of fluorine substituents
thermal SCO occurs. The sterically more demanding chlorine and bromine substituents lead
to the exclusive formation of high-spin complexes.!*4%

The effect of bulky substituents next to the coordinating position can be comprised by the
example [Fe(phen)s]** (Figure 10a).14214% Methyl groups in 2-position of the 1,10-
phenanthroline ligand cause an extension of the Fe-N bond, and subsequent a stabilization of
the hs state at room temperature; the low-spin state is accessible at low temperatures. This
steric effect dominates over the ligand’s c-donation resulting from the positive inductive effect
of the methyl groups. A similar trend was observed in comparable systems.[%144.145 Geometric
strain that reduces ligand field strength can also be induced by five-membered-ring chelate
ligands instead of six-membered-ring chelate ligands.®

Another derivative of [Fe(phen)s]** that has been investigated comprehensively is
[Fe'"(phen)2(NCS),] (phen: 1,10-phenanthroline, Figure 10b).[146-1481 This complex represents
the approach to shift the ligand field strength towards Ac by replacing one chelate ligand with
weaker ligands, effectively reducing Ao.**9 [Fe(phen)s]?* (Figure 10a) in fact features a low-
spin ground state without SCO while [Fe(phen)2(NCS);] (Figure 10b) shows thermally induced
SCO.M8 Unfortunately, to date, there is no reasonable approach to predict the occurrence of
SCO, as this effect is not only dependent on the ligand strength.[.107]

The transition temperature depends on ligand field strength of the coordinating monodentate
ligands as shown for [Fe(L)2(X)2] (L: 4-p-tolyl-3-(2-pyrazinyl)-5-(-2pyridyl)-1,2,4-triazole, X
NCS~, NCSe~, NCBHs", Figure 10c). Increasing ligand field strength of X~ (NCS™ < NCSe™ <
NCBH3") according to the spectrochemical series results in an increased SCO
temperature.[*50-153 This effect is well established in literature.[*11:154-1601

Facilitation of SCO by tuning the electronic structure of the ligand was demonstrated by the
example of [Fe(bpp)2]?* (bpp: 2,6-di-pyrazol-2-yl)pyridine, Figure 10d).1*6%162 |n the 4-position
of the pyridine ring (X) and the 4-position of the pyrazole moiety (Y), different substituents were
surveyed. It was found that electron withdrawing groups at the pyridine moiety and electron
donating groups at the pyrazole moiety stabilize the low-spin state. However, since the
relationship between spin state and ligand design is a fine balance between - and n-donating
and accepting effects, no general concept was put forward.[*6%:162]
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[Fe(L)a(X)2] [Fe(bbp)o]?*

Figure 10: Iron(ll) SCO complexes.

Characterization of SCO compounds

The SCO characteristics can be explored using methods such as magnetic susceptibility
measurements, NMR spectroscopy, Mo6Rbauer spectroscopy, optical, IR and X-ray
spectroscopy as well as X-ray diffraction.

The most common technique for temperature dependent magnetic susceptibility
measurements (in the solid state) is SQUID (Superconducting Quantum Interference Device)
magnetometry. This method is highly sensitive to changes in the (molar) magnetic
susceptibility (ym). As SCO occurs with a change in the number of unpaired electrons, in iron(ll)
complexes the diamagnetic low-spin state (S = 0) and the strongly paramagnetic high-spin
state (S = 2) are well distinguishable. A plot of ynT versus the temperature for typical iron(ll)
SCO complexes, is directly comparable to Figure 5 as it represents the hs/Is ratio.[882:107.109]

Using the spin-only formalism (equation 6):[104149]
tett = g/ S(S + Dyg equation 6

with the Landé factor g = 2.0023, the total spin S, and the Bohr magneton pg the effective
magnetic moment e can be estimated.

Using the second definition of zef:[*4%

Hett = [ [ = 2.828,FmT equation 7

zm can be predicted for iron(ll) high-spin systems:*4°!

2 2 2
ot = (2e5) = (A57) == (=25 = 3008em Kol

The experimentally determined data are usually slightly higher than the calculated ones for
iron(ll) in the high-spin state because the orbit contribution to the magnetic moment is not
taken into account, see equation 8.

To estimate 4T in solution, the Evans NMR method can be used.®* The chemical shift (8) of
NMR resonances is influenced by the magnetic environment. While ynT is changing with
increasing temperature, the *H NMR resonance of the solvent is shifting as well. By measuring
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the dissolved sample together with an external standard in a closed capillary (inside the same

NMR tube) a temperature dependent shift between the signal of the solvent (containing the

SCO compound) and the signal of the standard can be observed. If the standard is the same

solvent as used for the sample, the molar magnetic susceptibility ym can be calculated by

equation 9:[164-166]
3 A

Xm = ¢ - equation 9

where c is the sample concentration in mol cm™, Af the frequency difference between the two
solvent signals and f the spectrometer frequency.

From NMR spectroscopy the hs-Is exchange rate constant kn can be calculated using
equation 10:11671

(5 5_6 s)z .
ky(T) = g(%) equation 10
where s and s are the chemical shifts of the same resonance for high-spin state and low-
spin state, respectively, and A(T) is the line width of the respective resonance.

To gain information about the electronic structure in the solid state, °’Fe MoRbauer
spectroscopy is an established method for iron SCO complexes, as it can distinguish the
oxidation and spin state of iron complexes.[81:107:109.168 The jsomer shift & provides information
regarding the oxidation and spin state, while the quadrupole splitting AEq gives information
regarding the electronic environment of the MoRbauer active core. Values of s < 0.5 mm s™
and AEqs <1 mm s™ are typically observed for Is-iron(I1).BY A higher anisotropy in the hs state
leads to higher values of s = 1 mm s™ and AEgns = 2-3 mm s~ |f the spin transition is
slower than the MoRbauer time scale (1077 s for 5’Fe), the two overlapping subspectra can be
distinguished using Lorentzian deconvolution.

The different spin states also have different electronic absorption energies. Therefore,
temperature dependent optical spectroscopy can also be used to obtain the spin transition. [
In transition metal complexes where the color solely originates from Laporte forbidden mm. to
oml* (dd) transitions without CT transitions in the visible spectral region, the Is state is usually
intensively colored while the hs state is colorless.

The Tanabe-Sugano diagram (Figure 3a) reveals two spin-allowed transitions in the Is state
(*A1g—1T1g and 1A14—1T2g) and one in the hs state (°T2g—°Eg). For [Fe(ptz)s]?*, the Is absorption
bands are in the visible region while the hs absorption band is in the near infra-red region.!!
However, these transitions are Laporte-forbidden and usually only detectable by solid state
absorption measurements.®Y For complexes with well resolved dd-bands and complexes with
charge transfer excited states, temperature dependent spectral changes in solution are
observable. Upon cooling, the spectral features/bands of the hs state are weakened while the
ones of the Is species gain intensity.[182109.114 Simijlar spectral changes are observable for
charge transfer bands.

The difference in structure between hs and Is can also be observed using X-ray diffraction
(XRD). In the hs state, the iron-ligand bond lengths are about 0.2 A elongated compared to the
Is state due to the occupation of anti-bonding om. (e4*) orbitals. /6-81 However, XRD is typically
inappropriate for time-resolved experiments.

Coordination geometry and electronic structure of the metal center can be probed using X-ray
absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES).[¢%170 The extended
X-ray absorption fine structure (EXAFS) in XAS spectra gives information about the local
structure around the X-ray absorbing core.%l The X-ray absorption near edge structure
(XANES) in XAS spectra provides information about the LUMO since the pre-edge region is
caused by 1s—3d transitions.[!”%-173 |t allows deduction to the electronic state (oxidation and
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spin state) and the coordination geometry. To overcome the line broadening caused by low
core-hole lifetime high-energy-resolution fluorescence detected (HERFD) XANES can be
used.r"1751 The electronic structure of coordinating ligands can be probed using valence-to-
core X-ray emission spectroscopy (XES).1>176 The radiative HOMO—1s relaxation induced
by non-resonant excitation of an 1s electron into the continuum is highly sensitive to the ligand
because the character of the valence orbitals changes the most for different chemical
species.'’? For the interpretation of the spectra theoretical modeling is necessary. The
simplest model is comparison to similar complexes with known spectra and slight differences
in structure.l7%1771 By ultrafast X-ray spectroscopy, including EXAFS, a spin transition including
structural changes in iron(ll) complexes can be observed.!’®
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Excited-State Properties

Luminescence spectroscopy

The excited state lifetime zis defined as the reciprocal of the sum over the deactivation rate
constants for radiative (k, i.e. *MLCT—!A) and usually multiple non-radiative (kn) , i.e. ’T—!A,
ST—!A) pathways:*8

1

T="—
kr+X knr

equation 11

The estimation of luminescence lifetimes using a luminescence spectrometer presumes a
sufficient quantum yield and a detectable long lifetime. As these requirements are often not
met time-correlated single photon counting (TCSPC) can be used instead. It allows
measurements in the ps range. For this technique, the time between the excitation laser pulse
and the first emitted photon is measured.*”? A laser with a high-repetition rate but a low light
intensity is used. This results in a negligible probability to emit more than one photon by a
single laser pulse. Therefore, the time measurement can end after the first emitted photon. A
histogram of several repetitions reveals the expected exponential decay of the number of
emitted photons.[™

The luminescence quantum yield @ is the ratio between the radiative decay constant k, and
the sum over all decay constants:*&

p=— =
kr+2k1’ll‘

@is also defined as the ratio of the numbers of emitted gem and absorbed @as photons: 180

k.t equation 12

¢ = Lem equation 13
Pabs

Using equation 13, the absolute luminescence quantum yield @ can be estimated with a setup
to measure all emitted photons.['81-183 A relative determination of @ can be performed with a
standard sample with known @. For irradiation at the wavelength where the absorption profiles
of both compounds cross each other, @ is defined by equation 14:80

I
b= E‘Po equation 14

where | is the integrated emission intensity of the sample and Iy the integrated emission
intensity of the standard.

Time-resolved UV/Vis and IR spectroscopy

To gain insight into the lifetime of dark excited states, time-resolved pump-probe spectroscopy
is useful.l89 After excitation with a fs-laser pulse (pump), the time-resolved absorption spectra
(probe) are measured. Usually difference spectra are plotted resulting from subtraction of the
ground state spectrum. From characteristic excited state absorption bands and their time
traces, the lifetime of these states can be estimated. In case of d® transition metal complexes,
the characteristic bands are related to a LMCT absorption at lower energy and to the ligand
radical e.g. bpy™™ at higher energy.*®% A second excitation into the initially populated MLCT
state ([M"'LL""]?*) results in a charge transfer back from the ligand to the metal.[*8%

To assign the excited state absorption bands, the MLCT excited state absorption spectra can
be simulated using spectroelectrochemical methods. As the MLCT state can be understood as
a formal oxidation of the metal center accompanied by a reduction of the ligand, for the
simulation both electron transfer processes can be investigated separately by electrochemical
oxidation and reduction by absorption spectroscopy.*814 From both subspectra, the excited
state difference absorbances AAex can be determined using equation 15:(284
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AAey = (on + Ared)n - 2Ags(1 - 77) equation 15

where Aox, Ared and Ags are the absorbances of the oxidized, reduced and ground state species,
respectively, and r is a scaling factor.

The overall excited state lifetime is defined as ground state recovery time. Directly after the
excitation, the first spectral change is the ground state bleach. The excitation is accompanied
by a depopulation of the ground state resulting in a bleaching of the respective bands. The rate
constant for the recovery of these bands is the ground state recovery time.

A carbonyl group present in the complex can act as probe for timeresolved IR spectroscopy.
The formal oxidation of the metal center in the MLCT excited state results in a strengthened
c-bond and a weakened n-back bond. The increased C=0 bond strength leads to a shift of the
stretching vibration to higher energies. The simulation of the excited state IR spectra is carried
out in a similar fashion using IR spectroelectrochemical techniques.

Solvatochromic effect

The solvatochromic effect is the dependence of absorption and emission wavelength on the
solvent. For d® complexes, the 'A ground state is less polar compared to the Y*MLCT state.
Therefore, the latter state is stabilized in polar solvents. As a result of this stabilization, the
IA-IMLCT excitation energy is lower compared to nonpolar solvents, the absorption band is
bathochromically shifted.['8518¢ The SMLCT-'A emission energy is bathochromically shifted as
well. In case of a polar ground state and a less polar excited state, a hypsochromic shift occurs.

Photoinduced electron transfer

For luminescent complexes, the excited state reactivity can be probed via Stern-Volmer
analysis.['87188 By measuring the decay constant of emission with (Kobs) and without (ko)
substrate, or the respective quantum vyields @ws and @, depending on the substrate
concentration [Sub], (see equation 16) the quenching constant k, can be determined.!87:18]

Kobs _ @Po __ ko+kqg[Sub] _

14+ kq[Sub]

equation 16
ko Pobs ko ko

A distinction between dynamic (bimolecular, diffusion controlled) and static (pre-association)
processes is possible by comparison of Stern-Volmer data extracted from steady-state with
time-resolved emission experiments.*&

A possible application for complexes with long-living photoexcited states is photocatalysis.*&
The key step of photoredox catalysis is the photo-induced electron transfer (PET). Whether
PET is possible or not, is controlled by the excited state redox potentials. They are significantly
different from ground state redox potentials.**° This notion can be explained using the complex
[Ru(bpy)s]?* (Figure 2a) as an example. The MLCT excited state is a formal oxidation of the
ruthenium(ll) center, along with reduction of one bpy ligand. In the MLCT excited state, the
metal is easier to reduce and the ligand easier to oxidize than in the ground state.**yl The
resulting excited state redox potentials are given by the Rehm-Weller equations (equations
17a and 17b).192.193]

Egx = Eox — Ego equation 17a
Efeq = Ered + Eoo equation 17b

The relation between the ground state oxidation (Eoy), reduction (Erd) potentials, and the
excited state potentials E*ox, E*.ed and Ego (energy of the electronic origin for the excited state,
the energy difference between 0™ vibrational levels of ground and excited states) relevant for
oxidative and reductive PET is illustrated in Figure 11.
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Figure 11: Oxidative and reductive quenching pathways.[194-19¢]

The energy Eoo, is accessible by a single modular fit of the emission spectrum as described by
Claude and Meyer.[18%197.198 Some less accurate approximations are also used (especially for
non-luminescent complexes). They include a high-energy onset of emission bands at low
temperature, the intersection between normalized absorption and emission bands, the low-
energy onset of an absorption band, and the HOMO-LUMO gap calculated from the difference
between oxidation and reduction potential for CT excited states. A larger excited state energy
Eoo leads to an increased photocatalytic power (stronger oxidant and stronger reductant), but
also increases the energy needed for photoexcitation.!*8%

To be used in such PET processes, photosensitizer should show a broad absorption profile in
the visible region (where most substrates are transparent), high photostability, reversible redox
behavior, sufficient excited state lifetime (hs needed for diffusion controlled reaction), excited
state character suitable for ET, and an excited state redox potential suitable for the desired
redox process. 180189
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DFT calculations

To predict the ground and excited state properties, density functional theory (DFT) calculations
are a powerful theoretical tool. As for all theoretical methods, the right model is essential. DFT
is based on a combination of functional and basis set.**® The functional describes the position
dependent electron density for a given system. All properties can be deduced from this electron
density. The commonly used B3LYP (Becke, 3-parameter, Lee-Yang-Parr) functional admixes
electron exchange correlation from Hartree-Fock methods that is poorly described by pure DFT
methods.[?9-2921 The smallest basis set applies a single basis function for each included atom
orbital including unoccupied orbitals for the highest principal guantum number of the respective
atom. On the other hand a complete basis set would be composed of an infinite number of
basis functions. Split-valence basis sets use more than one function to describe the valence
orbitals. For example the TZVP (triple-zeta valence polarization) basis set uses three basis
functions for each valence orbital while the SVP (split valence polarization) basis set uses
two.1293204 Both include valence polarization.

A well-established program for DFT calculations is the ORCA program package.?°>2%! To
accelerate hybrid DFT calculations, the resolution of the identity chain-of-spheres exchange
(RIJCOSX) Coulomb approximation, an approximation to the Hartree-Fock exchange term,
can be used.?0"2%8 Relativistic effects were calculated at the zeroth order regular
approximation (ZORA) level.?%® To take van der Waals interactions into account, atom-
pairwise dispersion correction can be performed with the Becke-Johnson damping scheme
(D3BJ).210211 As geometry and energy of charge-transfer states are dependent on the
environment of the complex, a calculation in the gas phase would lead to unreliable results.
Although no discrete counter ions and/or solvent molecules were taken into account, the
conductor-like polarizable continuum model (CPCM) leads to more reliable results.[?12:213l
Obviously this model is insufficient for investigations of bimolecular reactivity.

For a given charge and multiplicity, the geometry at the potential energy minimum can be
calculated. As a geometry optimization for the multiplicity of 3 starting from the *A ground state
geometry usually results in the 3MCLT geometry, the access to 3T states is more complicated.
By optimizing structures using geometry constraints for certain metal ligand bonds and
subsequent unconstrained optimizations, different 3T states can be found with different
elongation axis. As the optimized geometry not necessarily corresponds to an energy minimum
the presence of the minimum can be checked by (numerical) frequency calculations. These
calculations also reveal the Gibbs free enthalpy of the system and simulate the vibrational
spectra.?*l A potential energy surface map can be calculated by geometry optimization along
a certain coordinate (often the Aiq stretching vibration of MLe) set to fixed values above and
below the relaxed distances for all states followed by numerical frequency calculations.

To simulate the UV/Vis spectra, time dependent (TD) DFT calculations can be performed. They
predict spin-allowed transitions together with the corresponding oscillator strength.?142151 The
character (LC, ILCT, LL'CT, MLCT, LMCT, MC) can be predicted by charge transfer number

analyses by partitioning the complex into suitable fragments e.g. M and L, using TheoDORE
2 2 [216,217]
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3. Aim of work

Ruthenium(ll) complexes are already well investigated and used in photochemical
applications. The major drawback for a wider application is their low abundance and
subsequent high cost. The higher abundance makes the 3d homologue iron(ll) a potential
candidate to replace ruthenium(ll) in these applications. Thus, the aim of this work is to design,
synthesize and characterize novel iron(ll) complexes. It will focus on octahedral complexes
with six-membered-ring chelate ligands because this concept promises a high ligand field
splitting and hopefully enables extended excited state lifetimes. This concept of high local
[FeNs] symmetry will be combined with a push-pull design of the ligands induced by different
bridges between the pyridine moieties of polypyridine ligands as shown in Figure 12a.

Therefore, the novel 6,2”-carboxylpyridyl-2,2’-methylaminepyridyl-pyridine (cpmp) ligand
bearing a o-donating N-CHs bridge and a n-accepting C=0 bridge will be synthesized. For
heteroleptic complexes in combination with the literature known N,N’-dimethyl-N,N’-dipyridin-
2-ylpyridine-2,6-diamine (ddpd) ligand an increased push-pull effect can be expected.*¢3 The
higher o-donor ability of the ddpd ligand results from two N-CHs bridges. The homoleptic
[Fe(cpmp)z]>* and heteroleptic [Fe(cpmp)(ddpd)]>* complexes will be synthesized and
characterized as well as the analogous ruthenium(ll) complexes [Ru(cpmp)z]?** and

[Ru(cpmp)(ddpd)]2+ for comparison (Figure 12hb).
_|+ d) (\N/j 2+
N)\N

<o) b
{__N—~Fe—N
NN/
A
()

Figure 12: a) polypyridine ligands used in this work; b) general structure for octahedral polypyridine transition
metal complexes; c) structure of [Fe(pbpy)(tpy)]*; d) structure of mer-[Fe(dgpy)2]?*.

CN
X =Y =C=0: dcpp

X =Y = N-CHj: ddpd 7N
X =N-CHgs, Y = CO: cpmp — z

The photophysical and electrochemical properties of the first cyclometalated iron(Il) complex
with five-membered-ring chelate ligands [Fe(pbpy)(tpy)]* (Figure 12c), synthesized by Jakob
Steube from the group of Prof. Dr. Matthias Bauer at the University of Paderborn, will be
discussed.

Furthermore, the stronger s-donor 2,6-diguanidylpyridine (dgpy) ligand will be applied in the
homoleptic iron(ll) complex [Fe(dgpy)2]** (Figure 12d) to examine its influence on the ligand
field splitting.[218l

The structures of the resulting complexes will be investigated by single crystal X-ray diffraction,
'H and C NMR, IR spectroscopy and mass spectrometry to verify the proposed structure
geometry. Their photophysical and photochemical properties will be studied employing
spectroscopic (steady state and time resolved UV-VIS, IR and emission spectroscopy) and
theoretical (DFT and TD-DFT) methods, to examine the excited state landscape and thus
understand their excited state dynamics. Electrochemical investigations will be carried out
using cyclic voltammetry, square-wave voltammetry and UV/Vis and IR
spectroelectrochemistry. If the complexes exhibit reasonable MLCT lifetimes, first applications
of the complexes as photocatalysts should be explored.
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5. Results and discussion

All findings of this dissertation have been published/submitted as scientific articles in/to peer-
reviewed chemistry journals or are in preparation for submission. These articles will be
reprinted in the following with permission of the respective publishers.

Both the 2,6-bis(2-carboxypyridyl)pyridine (dcpp, Figure 12a, X = Y = C=0) ligand and the
N,N’-dimethyl-N,N’-dipyridine-2-yl-pyridine-2,6-diamine (ddpd, ligand, Figure 12a, X =Y = N-
CHs) support the concept of high local symmetry. The bridges between the pyridine moieties
enable a nearly 180° N-Ru-N bite angle that increases the ligand field splitting and destabilizes
metal centered states. While in dcpp carbonyl bridges act as strong n-acceptors that stabilize
the metal-to-ligand charge transfer MLCT excited states, in ddpd o-donating methylamine
bridges destabilize the metal centered states. The novel 6,2”-carboxylpyridyl-2,2’-
methylaminepyridyl-pyridine (cpmp, Figure 12a, X = N-CHs, Y = C=0) ligand combines both
types of bridges in a single ligand. Complexes bearing this ligand are capable of an intraligand
push-pull effect. Besides the increased stabilization of the MLCT state in respect of the 3T state
additional ILCT and LL’CT excitations are expected to be available.

The ruthenium(ll) push-pull complexes [Ru(cpmp):]** and [Ru(cpmp)(ddpd)]?* that are
presented in section 6 “Green-Light Activation of Push-Pull Ruthenium(ll) Complexes” (pp. 41)
show phosphorescence upon green light irradiation. The differences between the homoleptic
complex bearing two carbonyl groups and two methylamine groups and the heteroleptic
complex bearing a single carbonyl group and three methylamine groups are evident by
comparing the optical and electrochemical properties. The presence of two rw-accepting
carbonyl groups in [Ru(cpmp)2]?* leads to a red-shift of the MLCT absorption maximum and
higher Ru(lll/Il) oxidation potential compared to [Ru(cpmp)(ddpd)]?* which indicates a more
stabilized MLCT state. For the homoleptic complex two ligand centered reduction waves were
observed while the heteroleptic complex shows a single reduction wave due to the lack of a
second carbonyl group. Based on TD-DFT calculations the low-energy absorption bands of
both complexes were assigned to MLCT transitions which rules out the presence of low lying
ILCT or LL’CT states.

IR-spectroelectrochemical oxidation leads to a 20 cm™ high energy shift which indicates a
weaker n-back-bonding in the oxidized complex. Reduction results in a complete bleach of the
C=0 band for the heteroleptic complex and a decrease to half intensity for the homoleptic
complex as a result of the presence of a second carbonyl group. This finding proves the ligand
centered character of the reduction. The phosphorescence quantum yield was determined to
be 1.3 % for [Ru(cpmp).]?* and 0.04% for [Ru(cpmp)(ddpd)]?*, respectively. The 33-fold higher
guantum yield for the homoleptic complex corresponds to the MLCT excited state lifetime of
477 ns for [Ru(cpmp)2]?** and 56 ns for [Ru(cpmp)(ddpd)]?*, respectively, that have been
estimated by Vis-pump-Vis-probe spectroscopy. This trend also fits to the even higher MLCT
lifetime and quantum yield of [Ru(dcpp)2]?*.16? Because the local symmetry is independent of
the type of bridging group, the ligand field splitting is expected to solely depend on the
electronic structure of the ligands. The different excited state lifetimes and quantum yields
result from different energy barriers for relaxation pathways. DFT calculations reveal a lower
SMLCT-2MC energy difference in [Ru(cpmp)z]** which would imply facilitated relaxation in this
complex that is not observed. The difference is the location of distortion axis in the 3T state. In
[Ru(cpmp)2]?* the less flexible cpmp ligand is necessarily involved leading to a stronger
distortion of the carbonyl group in this complex. In contrast the distortion in [Ru(cpmp)(ddpd)]?*
occurs within the ddpd ligand rather symmetrically distributed over both terminal pyridine
moieties inducing less distortion. This results in a steeper potential energy well along the
distortion axis for [Ru(cpmp).]?* than for [Ru(cpmp)(ddpd)]?*. The 3T minima are isoenergetic,
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while the crossing point of the 3T state with the *A ground state is higher [Ru(cpmp).]?* than
for [Ru(cpmp)(ddpd)]?*, explaining the different excited state lifetimes.

Nevertheless, [Ru(cpmp)2]** and [Ru(cpmp)(ddpd)]?* have been successfully applied as
photoredox catalysts for a thiol-ene click reaction between allyl alcohol as olefin component
and N-Boc cysteine methyl ester as thiol component using p-toluidine as redox mediator. The
yields of 56 % and 18 %, respectively, after 3 hours again correspond to the lower excited state
lifetime of [Ru(cpmp)(ddpd)]**. The yield using [Ru(bpy)s]** as catalyst under the same
conditions is 20 %.

Following the same concept of push-pull systems bearing the asymmetric cpmp ligand, the
homologue iron(ll) complexes [Fe(cpmp).]** and [Fe(cpmp)(ddpd)]?* are presented in section
7 “Understanding Excited State Kinetics in Asymmetric lron(ll) Push-Pull Complexes”(pp. 111).

According to the primogenic effect the ligand field splitting of iron(ll) complexes is lower than
that of ruthenium(ll) complexes making it more challenging to design iron complexes with
sufficient excited state lifetime for emission. As for the homologue ruthenium(ll) complexes,
the Fe(lll/l) oxidation potential is higher for the homoleptic complex and the homoleptic
complex shows two ligand centered reduction waves while the heteroleptic complex shows a
single reduction wave due to the lack of a second carbonyl group. The assignment was proved
by IR spectroelectrochemistry showing a shift of the C=0 stretching vibration to higher energy
due to the weakened n-back bonding upon oxidation and a partial bleach of the band upon
reduction resulting from decrease of bond order in one carbonyl group.

The spin state of the ground state was proved to be low-spin by EPR, NMR and X-ray
absorption spectroscopy for [Fe(cpmp)2]** and by NMR spectroscopy for [Fe(cpmp)(ddpd)]?*.
Unfortunately, the ligand field strength of the used ligand is too weak to destabilize the metal
centered states enough to prevent their population. Therefore, both complexes are non-
luminescent. Moreover, the heteroleptic complex undergoes fast ligand exchange in solution
forming a mixture of [Fe(cpmp)2]?*, [Fe(cpmp)(ddpd)]*, and [Fe(ddpd).]**. This ligand
exchange makes it challenging to isolate the complex and perform spectroscopy. For this
reason time-consuming methods are carried out solely on the more stable homoleptic complex.

The red-shift of the MLCT absorption bands indicates a stabilization of the MLCT states
compared to the symmetric push-pull complex [Fe(dcpp)(ddpd)]?*. The excited state lifetime of
the homoleptic complex [Fe(cpmp)2]** was estimated by Vis-pump-Vis-probe and Vis-pump-
IR-probe spectroscopy to be around 500 ps. For both spectroscopic methods the characteristic
MLCT excited state absorption properties have been simulated using UV/Vis and IR
spectroelectrochemistry. The lack of these characteristic bands in the transient spectra
indicated a MLCT lifetime below the detection time resolution of 100 fs.

To gain deeper insight into the excited state ordering, DFT, TD-DFT and molecular dynamic
calculations have been conducted on [Fe(cpmp)2]?*. Like for the ruthenium(ll) complexes the
YLCT or LL'CT transitions appear at higher energy than the MLCT transitions. Again the
corresponding triplet states 3ILCT and 3LL’CT are too high-energetic to be populated. DFT
calculations predict the °T state as lowest excited state and the 3T state between the 3MLCT
and °T state. According to molecular dynamics calculations the 3T state is populated from the
IMLCT and the *MLCT states within 80 fs and 390 fs, respectively. No direct 3T—A relaxation
was found in the dynamics calculations. The 3T—°T ISC was not included in these calculations.
The system follows the usual excited state deactivation cascade: *MLCT—3T—°T—*A with
time constants of 390 fs for the *MLCT—3T relaxation and around 500 ps for the °T state.

The iron(lll) complex [Fe(cpmp)z]** has been prepared electrochemically as well as by
chemical oxidation with [NH4]2[Ce(NO3)s]. It shows a low-energy absorption band at 962 nm.
Its low-spin ground state is proved by EPR and X-ray spectroscopy. In spite of the high ligand
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field strength of both, the cpmp and the ddpd ligand, and the increased push-pull effect no
emission was observed for neither the iron(ll) complexes [Fe(cpmp):]** and
[Fe(cpmp)(ddpd)]?*, nor the iron(lll) complex [Fe(cpmp).]** at room temperature and in frozen
solution at 77 K.

As cyclometalation was predicted to stabilize the MLCT state and enable an increased excited
MLCT lifetime, probably sufficiently long for photochemical applications,*-2*°! [Fe(pbpy)(tpy)]*
(Figure 12c) was synthesized as first cyclometallated iron(ll) complex by Jakob Steube from
the group of Prof. Dr. Matthias Bauer at the University of Paderborn. Section 8 “Excited-State
Kinetics of an Air-Stable Cyclometalated Iron(ll) Complex” (pp. 181) describes the ground and
excited state characteristics of this complex.

The characteristic MLCT excited state absorption properties have been simulated using UV/Vis
spectroelectrochemistry to interpret the Vis-pump-Vis-probe spectroscopy. From this
timeresolved method a *MLCT lifetime of 800 fs was found which is a factor of 5.5 higher
compared to [Fe(tpy)2]** (145 fs). This increased lifetime shows the success of the concept of
strongly c-donating cyclometalating ligands. The excited state deactivation cascade follows a
IMLCT—3MLCT—3MC—!A scheme without population of the 5T state. The respective time
constants are 800 fs for the 3SMLCT—3MC IC and 12 ps for the 3SMC—!A relaxation. As this
complex is non-emissive, too, one cyclometalating position in a five-membered-ring chelate
ligand is insufficient for a stabilization of the MLCT state below the metal centered states.

Inspired by one of the first phosphorescent 3d® metal complexes [Co(dgpy)2]**?*! (dgpy: 2,6-
diguanidylpyridine), [Fe(dgpy)2]** (Figure 12d) was synthesized to investigate the ligand field
strength of the dgpy ligand. The results are presented in section 9 “Panchromatic Absorption
and Oxidation of an Iron(Il) Spin Crossover Complex” (pp. 231).

A complex bearing two tridentate six-membered-ring chelate ligands can generally perform
mer, cis-fac and trans-fac isomers. The high flexibility of dgpy allows for [Fe(dgpy)z]** the
presence of the mer and the cis-fac isomer in solution while the trans-fac isomer is absent.
While the cis-fac isomer has a high-spin ground state according to DFT calculations because
of reduced bite angles in this coordination mode, the meridional isomer features a low-spin
ground state. The comparably weak ligand field strength of dgpy results in a ligand field splitting
for mer-[Fe(dgpy)2]?* in the vicinity to Ac and spin crossover behavior for this isomer. The
thermodynamics have been investigated in solution by temperature dependent UV/Vis and H
NMR spectroscopy as well as in the solid state by temperature dependent SQUID and
Mo6Rbauer measurements. The optical changes can be observed by UV/Vis spectroscopy. The
increase of the MLCT band at 582 nm during cooling is well reproduced by TD-DFT
calculations. From the temperature dependent *H NMR data a high-spin/low-spin exchange
constant kn was estimated around (7.2-30)x10° s, a range typically observed for SCO
complexes. Taking the different spin states of the meridional isomer into account the hs-mer:ls-
mer:hs-cis-fac ratio in solution at room temperature is estimated to be 61:20:19 from
temperature dependent *H NMR spectroscopy. In solution and in the solid state the enthalpy
change is estimated to be around 30 kJ mol™? while the entropy change is around
110 J Kt mol™ in solution and around 80 J K™ mol™ in the solid state, respectively. This
difference in entropy change can be explained by less degrees of freedom in the solid state
and becomes manifest in the spin-transition temperature Ty, of 270 K in solution and 295 K in
the solid state, respectively.

The different isomers of [Fe(dgpy):]** are observable by cyclic voltammetry, too. Two
reversible Fe(lll/1) oxidation waves appear at -0.65 V and -0.37 V vs. FcH/FcH" in a 8:2 ratio
that can be assigned to the meridional and the cis-facial isomer, respectively. The comparably
low oxidation potential results from the high c-donating ability of the dgpy ligand. Therefore,
the complex can be oxidized using ferrocene. The oxidation is accompanied by a blue shift of
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the LMCT absorption compared to the MLCT bands of [Fe(dgpy):]**. The [Fe(dgpy).]** complex
is confirmed to be a low-spin complex state without SCO behavior by NMR and EPR
spectroscopy. The simultaneously observation of *H NMR resonances for the iron(ll) and
iron(l1) complexes after addition of 0.5 equivalents of ferrocene indicates a rather slow electron
self-exchange.

The room temperature solution containing high-spin mer-[Fe(dgpy):]?*, low-spin mer-
[Fe(dgpy)z]** and high-spin cis-fac-[Fe(dgpy)z]>* exhibits panchromatic MLCT/MLCT
absorption bands in the visible spectral region. As a result of high-energy MLCT states and a
comparably low ligand field strength in the meridional coordination mode, MC excited states
are lower in energy than the ¥3MLCT states preventing luminescence. The ligand field strength
in the oxidized complex is higher which becomes manifest in the exclusively observation of the
low-spin mer-[Fe(dgpy)2]** complex. However, the MC excited states of mer-[Fe(dgpy):]** are
still lower in energy than the CT states preventing fluorescence from the 2LMCT states.
Although the dgpy ligand leads to amazing 2LMCT fluorescence in the mer-[Co(dgpy)2]**
complex its ligand field strength is insufficient for a comparable performance in iron(ll) and
iron(Ill) complexes. Moreover, its high flexibility enables different isomers making it challenging
to isolate a single isomer.
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photophysics of homo- and heteroleptic ruthenium(ll) com-  temperature in deaerated acetonitrile solution with an emis-
plexes [Ru(cpmp),l** (2**) and [Ru(cpmp)(ddpd))’** (3**) sion quantum yield of 1.3% and a *MLCT lifetime of 477 ns,
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pyridin-2-ylpyridine-2,6-diamine (ddpd) are reported. The parasitic excited *MC state potential energy surface. This
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Polypyridy! ruthenium(ll) complexes (low spin d® electron con-  ethanol glass) at 77 K,**'” respectively. The favorable photo-
figuration)'® often display phosphorescence from triplet  physical properties (such as high absorbance in the visible
metal-to-ligand charge transfer ((MLCT) states. Due to the com-  spectral region, high *MLCT lifetimes of 620 ns (H,0)*'" and
parably high ligand field splitting imposed by the metal ion  850-1100 ns (CH,CN)®' at 298 K, and high quantum yields)
and the ligands, non-radiative relaxation via thermal popula-
tion of metal-centered states (*MC) can be retarded.” The
prototypical complex [Rulbpy);)’"  (bpy=2,2"-bipyridine;
Scheme 1) and its photophysical properties have been thor-
oughly investigated experimentally and theoretically.*"'""
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enable the application of [Ru(bpy),)** and its analogues as
chromophores in dye sensitized solar cells, in light emitting
electrochemical cells and as photosensitizers."* In fact, the
majority of photosensitized redox reactions is still performed
using [Ru[bpy}g]“, which is further enabled by its favorable
redox properties and its redox stability.

Despite the favorable quantum vyields and lifetimes, blue
light is required for efficient excitation. Further challenges of
[Ru(bpy),)** originate from the bidentate nature of the bpy li-
gands. The A/A chirality of the complex™ " can lead to dia-
stereomeric di- or multinuclear complexes with sites of varying
stereochemistry. Two differently substituted bpy ligands can
form diastereomers even for mononuclear complexes [Ru-
(bpy)(bpy®)(bpy™)]**. Finally, bidentate ligands are comparably
photolabile enabling photoisomerization of the complex or
photosubstitution of the ligands."****“% Replacing bpy by the
tridentate ligand 2,2":6"2"-terpyridine (tpy) yields achiral, com-
parably photostable [Ru(tpy),)’* complexes (Scheme 1).*"
However, [Ru(tpy),)’” is essentially non-phosphorescent at
room temperature. This is due to the much lower ligand field
splitting of this complex. The weaker ligand field splitting im-
posed by the tpy ligands significantly lowers the energy of
3MC states leading to efficient non-radiative relaxation via
these distorted *MC states,!23%37.42-%3

Eliminating thermal deactivation via the classical Jahn-Teller
type and other distorted *MC states is a key to higher phos-
phorescence quantum yields and longer excited-state life-
times.""” Complementary concepts to increase the energy gap
between the emissive *MLCT and the deactivating *MC state
have been devised, namely i) shifting the *MC states to higher
energy by an increase of the ligand field splitting with six-
membered ring chelate ligands allowing 180" N—Ru—N bond
angles and hence optimal Ru—N orbital overlap and with
strong o-donating/m-accepting ligands and i) lowering the
energy of the *MLCT state with electron-deficient pyridine li-
gands. Examples successfully employing these concepts are
[Ru(dcpp),** (depp = 2,6-bis(2-carboxypyridyl)pyridine)*® and
the heteroleptic complex [Ru(ddpd)(tpy™)]** (ddpd=N,N"-di-
methyl-N,N"-dipyridin-2-ylpyridine-2,6-diamine) (Scheme 1).4%37
[Ru(dcpp),)** with accepting dipyridyl ketone moieties and six-
membered chelate rings shows a very high phosphorescence
quantum vield of 30% in CH,CN at 298 K.*® [Ru(ddpd)(tpy™)**
with an electron-donating ddpd ligand with six-membered
chelate rings and an electron-deficient ester substituted tpy®
ligand has a phosphorescence quantum yield of 1.1% in
CH,CN.**" On the other hand, cyclometalating tridentate li-
gands NACAN or CANAN in ruthenium(ll) complexes with five-
membered chelate rings were unsuccessful in improving quan-
tum vyield and lifetime. This is due to an unfavorable distortion
of their excited *MLCT states and the presence of low-energy
*LL'CT states composed of orthogonal tridentate L and L' li-
gands resulting in symmetry-forbidden and hence inefficient
radiative transitions,*’~>

A further strategy to increase the *MLCT lifetime beyond ex-
panding the *MC -*MLCT gap and increasing the barrier is to
retard the *MC to ground state ('GS) decay by increasing the
energy of the *MC/'GS crossing point.* Although the *MC

Chem. Eur. J. 2020, 26, 6820 - 6832 www.chemeurj.org
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state can be still thermally populated in this scenario, this
would not contribute to the decay to the ground state provid-
ed that the crossing point is at high enough energy!® Yet,
such effects arising from the energies of surface crossing
points are difficult to design as the shapes of potential energy
surfaces have to be known and modified in addition to the
minimum energies. Clearly, the rigidity of the ligands plays a
significant role in the excited-state distortions.

Herein, we introduce a novel tridentate mixed donor/accept-
or ligand cpmp (cpmp = 6,2"-carboxypyridyl-2,2"-methylamine-
pyridyl-pyridine). This ligand enables six-membered chelate
rings combining the concepts of increasing the *MC energy via
a strong ligand field and of lowering the *MLCT energy based
on the electron-deficient dipyridyl ketone fragment. In addition
to the low-energy MLCT states, the push-pull ligand cpmp can
provide intra-ligand transitions ("*ILCT), which might have a
low energy as well. Furthermore, in contrast to complexes with
merely five-membered chelate rings of tridentate ligands (tpy
type) and hence planar ligands with orthogonal orientation,
the ligand cpmp can enable symmetry-allowed transitions be-
tween the non-orthogonal twisted tridentate ligands ("*LL'CT).
This can in principle lead to emission from *LL'CT states de-
pending on their energy relative to the *MLCT energy. In fact,
the angle between planes of the central pyridines is only
around 10-20° in [M{dcpp),l**, Midcpp)ddpd))*® and
[M(ddpd),]** complexes,®**5% jnstead of the approximate 90°
angle in [M(tpy),)*" -type complexes.

We report the syntheses, structure, electrochemical as well
as steady-state and time-resolved photophysical properties of
the novel homoleptic [Ru(cpmp),][PF.l, (2[PF,],) and heterolep-
tic ruthenium(ll) complex [Ru(cpmp)(ddpd)][PF.], (3[PF],). We
discuss the effects of ligand symmetry on the excited-state
types, their energies, their geometries and finally their excited-
state dynamics. The relevant excited states will be character-
ized by DFT and time-dependent (TD-) DFT calculations to gain
a deeper understanding of the excited-state dynamics. The
new ruthenium(ll) complexes 2[PF], and 3[PF], are applied in
a light-sensitized thiol-ene click reaction using low-energy
green light for excitation.

Results and Discussion
Synthesis and ground-state structures

The push-pull ligand cpmp is prepared by lithiating 6-bromo-
N-methyl-N-(pyridin-2-yl)pyridyl-2-amine®” with nBuLi and
guenching with 2-cyanopyridine in moderate yields as yellow
oil (Scheme 2; Supporting Information, Figures $1-510).
Thermal ligand exchange with [(RuCl(p-cymene)],(u-CI),"*
and counter ion exchange with KPF, in acetonitrile gives the
red-purple cpmp complex [RuClicpmp)(NCCH,)1,[PFg, 1[PFg] in
very good vyields (Supporting Information, Figures 511-519).
The coordinated CH,CN ligand in 1[PF;] displays a broad band
for the CN stretching vibration at 2275 cm ™" in the IR spectrum
(KBr disk). 'H and '*C NMR resonances for the CH; groups of
the CH,CN ligands in the NMR spectra agree with a single
CHCN ligand coordinated to ruthenium. During the NMR ex-

@ 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1. "BuLi cpmp ligands are quite rigid at the dipyridyl ketone units and

consequently a meridional coordination of the tridentate li-

2 CN o

I'!l Br @I r!.- gands is very likely in both cases. This is also consistent with
@l \EN:J/ 3. HCl @l | | the NMR data.

: The geometric structure of 32* with meridional coordination

4. Nay,COsy

cpmp (25 %) was experimentally confirmed by X-ray diffraction analysis of a

—@—< single crystal of 3[PF,], (Figure 1). The unit cell of 3[PF], con-

CHyCN ; Clwry tains two independent cations 3A?* and 3B?* (Table 1). Fur-

KPFg 2 CI/ >| thermore, the geometries of both dications 2** and 3** were

‘}qu_‘_‘ calculated by DFT methods (Figure 1, Table 1; CPCM(acetoni-

>_@ﬂ trile)-B3LYP-D3BJ-ZORA/old-TZVP). In all cases, a nearly perfect

[RuN,] octahedral coordination geometry is found with Ru—N

[RuCl{cpmp)(NCCH 3)],[PFgl, bond lengths of 2.05 to 2.08 A for the terminal pyridine rings
1[PFe] of each ligand and slightly shorter Ru—N bonds for the central

(84 %) pyridine N atoms of each ligand (Table 1) as typically observed

Lepmp / 1. ddpd for [M(ddpd),]**, [M(dcpp),** or [M(dcpp)iddpd))’* com-
2. [NH,][PF¢] CFH";C(?:E:SH 2. [NH4][PFg] plexes.*®**% The N-Ru—N bond angles are very close to 90

for the dipyridyl ketone moieties and slightly smaller for the

N
= R=
“N—Ru—N QN—Ru—N
| E=
___ \_ __

N=
(48 %) 2[PFgla (62 %) 3[PFgl;

<_? T PFek <_% " |tPFel:
N - T N/

Scheme 2. Synthesis of the ligand cpmp and its ruthenium(ll) complex-
es 1[PF,l, 2[PF.l, and 3[PF,],.

periments, the coordinated CH,CN ligand does not exchange
with the solvent CD,CN (Supporting Information, Figures S11- Figure 1. a) Molecular structure of 2°* determined by DFT geometry optimi-
515). The chlorido ligand is observed in the electrospray ioniza-  zation and b) 3A** determined by single crystal XRD, ellipsoids set at 50%
tion (ESI) mass spectrum and the [PFg]~ counter ion in the  probability. Hydrogen atoms are omitted for clarity.

*'P NMR and IR spectra. The combined data are compatible
with a dimeric arrangement (n=2) with bridging chlorido li-
gands. Table 1. Selected bond lengths [A], angles [], planarization PL [%] and

Replacing the chlorido and acetonitrile ligands in 1[PF¢] by a | continuous shape parameter S(0C-6)°" of 2** and 3** from XRD analysis
{as PF," salt) and by DFT calculations.

further tridentate cpmp or ddpd ligand requires activation by

microwave irradiation. Using cpmp and ddpd, the respective 2%+ (DFT) 3%+ (DFT) 3A** (XRD) 3B** (XRD)
homo- and heteroleptic complexes 2*°* and 3*T form. After R1—N1 2,080 2081 208503) 2.0600)
counter ion exchange with [NH,[PF, 2[PF]; and 3[PFgl, are | pui-n2 2.048 2.047 2023(3)  2.040(4)
obtained as purple crystals in good to moderate yields (Sup- Rul-N3 2072 2071 2.045(3) 2.064(3)
porting Information, Figures $20-528, 5$29-538). Obviously, | Ru1—N4 2081 2077 20513)  2077Q)
. . . Ru1-N5 2.049 2.054 2.044(3) 2.036(3)
1[PF,] is a convenient precursor for homo- and heteroleptic RUI—N6 2072 5076 2.06203) 206303)
cpmp ruthenium(ll) complexes. Further heteroleptic rutheni- N1-Rul-N2 87.73 87,60 8706(13)  87.54(15)
um(ll) complexes with cpmp should be accessible via this gen- N2-Ru1-N3 90.23 90.26 90.16(13)  89.75(14)
eral route as well employing other tridentate ligands such as N4-Ru1-N3 90.22 8842 87.94013)  87.62(14)
tpy, H,-tpda,®* R,tpda,*® ddpd-NH," or dcpp.*-46) E&-::}l-Nﬁ 2;;4 2?;9 ig:gm‘t] 22:?6(131
The compositions of 2[PF], and 3[PF,], are confirmed by PL(N8) 873 86.8 87.0 84.1
(high-resolution) ESI mass spectrometry (Supporting Informa- PLIN9) 86.8 889 87.6
PLIC9) 97.8 97.7 97.8 97.5

tion, Figures 526, 536) and elemental analyses. Multinuclear
. . X PLIC10) 978
and correlation NMR spectroscopic data suggest a single $(0C-6)

0.04 0.09 0.06 0.08
isomer being present in solution as only a single set of 'H and Rul-F1 4176 4270

"®C NMR resonances is observed for both cations (Supporting | Rul~F2 4322 -
Information, Figures S20-524, 529-534). Although the flexible RuT=NTqy,cn 5.267 5.137
ddpd ligand can enable a facial coordination,”” dcpp and RuT 0T jreighnaring molecute) 4.655 4.822
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more flexible dipyridyl methyl amine moieties of the cpmp
and ddpd ligands. The shape parameter $(0C-6)" quantifying
the deviation from an ideal octahedron is close to zero, corrob-
orating the high local [RuNg] symmetry in all cases (Table 1) as
expected for a metal ion with low-spin d® electron configura-
tion. The steric strain, as measured from the pyramidalization
of the bridging nitrogen atoms, inversely correlates to the
degree of planarization PL/% = 100x [E(X-N-Y)-3x109.5°)/ [3x
120.0°-3x109.5°]. Expectedly, the carbonyl carbon atom is co-
ordinated in an essentially planar fashion while the bridging ni-
trogen atom is more pyramidalized (Table 1).

In the solid state, the second coordination sphere of 3A**
and 3B** is composed of hexafluorophosphate ions, co-crystal-
lized acetonitrile and the carbonyl group of a neighboring
complex with closest contacts of Ru-[F(PF:)]”, Ru--N(CCH,)
and Ru-O ranging from 4.18 to 5.27 A (3A®*) and 4.27 to
5.14 A (3B?*) (Table 1).

In the IR spectra of 2[PF.], and 3[PF,], (Supporting Informa-
tion, Figures 527, 537), the characteristic PF stretching vibra-
tions indicate the successful counter ion exchange. This is also
consistent with the *'P NMR spectra of 1[PF], 2[PF], and
3[PF¢l, which show the typical resonance of [PF¢]” (Supporting,
Information, Figures 516, 525, 535).

In the solid state, the IR absorption band of the C=0 stretch-
ing vibration of the cpmp ligand is found at 1679 cm™' and
that of 1* at 1672 cm ™' (Supporting Information, Figures S8,
518). On the other hand, the dicationic complexes 2** and 3?*
show the CO band at lower energy (Supporting Information,
Figures 527, S37; 1664 and 1666 cm ™', respectively), suggesting
7w back-donation of ruthenium(ll) into the 7*(CO) orbitals. As
the homoleptic complex 22* merely displays a single IR band
for the two CO groups, these two oscillators are decoupled.

Electrochemistry

Both complexes 22* and 3** are reversibly oxidized in their
cyclic and square wave voltammograms at +0.92V and
+0.67 V vs. ferrocene, respectively (Figure 2a; Supporting In-
formation, Figures 539, 540). The oxidation processes are
metal-centered as confirmed by the DFT calculations on the tri-
cations 2°* and 37 (Figure 2b). The oxidation potential of 2°*
/2** is higher than that of 327/3** by 0.25 V due to the elec-
tron withdrawing effect of two CO groups in 2** instead of
merely a single one in 3?*. The even higher oxidation potential
of the [Ru(dcpp),)**/[Ruldepp),)** couple (+1.10V vs. ferro-
cene) with four CO groups is consistent with this trend.® The
Ru"/Ru" oxidations of 2** and 3** are perfectly reversible on
the time scale of IR spectroelectrochemistry in acetonitrile
(Supporting Information, Figures 541, 542). Relative to the
parent ruthenium(ll) complexes, the bands of the CO stretch-
ing vibrations of the ruthenium(lll) complexes 2** and 3°**
shift to higher energy by 19 and 21 cm™', respectively, imply-
ing weaker 7t back-bonding in the ruthenium(lll) complexes.
The bis(cpmp) complex 2** exhibits two reversible reduction
waves at —1.29V and —1.46 V (Figure 2a). These processes are
assigned to the reduction of the individual cpmp ligands (Fig-
ure 2b). The reduction wave of the single cpmp ligand in 3**

Chem. Eur. J. 2020, 26, 6820 - 6832 www.chemeurj.org
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Figure 2. a) Cyclic voltammograms of 2[PFl; (blue) and 3[PFl; (red), 1 mm
in acetonitrile, 0.1 m [nBu,N][PF.] and b) DFT optimized geometries and spin
densities (isosurface at 0.01 a. u.) of the radical cations 2"t and 3™* and the
ruthenium(lll) complexes 2°* and 3**.

appears at —1.37V (Figure 2a). The first two reductions of
[Ru(dcpp),)** are very similar to those of 22+ (Table 2)." The
reduction waves of 2** and 3** below —2 V are assigned to a
second reduction of the CO groups in the cpmp ligands. Re-
duction of cpmp itself to cpmp™ at —199V is only
quasireversible (Supporting Information, Figure 510} likely due
to subsequent pinacol coupling reactions.®*® Obviously, the
cationic nature of 2'" and 3"t and steric hindrance prevent an
analogous coupling reaction, at least on the time scale of the
electrochemical experiments. Chemical reduction of 22*/3?* to
2'*/3'* by one equivalent decamethylcobaltocene decreases

Table 2. Electrochemical properties of cpmp, [Ru(bpy).l[PF.l,, [Ru(dcpp);]
[PFgl, 2[PFg); and 3[PFgl,. £, in V vs. ferrocene/ferrocenium.

Reductions Oxidation
cpmp —1.99"  4+0.97%
[Rulbpy),l* ™" —-220 193 174 +0.84
[Ru(dcpp),)* ! 209 184 151 ~1.34 +1.10
2 -2.27 -2.12 —1.46 -1.29 +0.92
3 —2.06 ~1.37 1067

[2] Irreversible, £, given.
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the intensity of the CO stretching modes in the IR spectra par-
tially (22*/2°*) and nearly completely (32*/3°*), respectively, re-
flecting the number of CO groups in the complexes (Fig-
ure 2b; Supporting Information, Figures 543, 544). The band of
the CO stretching vibration of the reduced cpmp in the radical
cations 2'* and 3'* disappears due to a large shift to lower
energy into the fingerprint region (which is obscured by sol-
vent absorptions). This is consistent with the additional elec-
tron being localized on a CO group of a cpmp ligand. DFT cal-
culations on 2°* and 3'* support this view as the spin density
is essentially localized on the CO group (Figure 2b). Further-
more, the calculated C—O bond length increases from 1,217 to
1.274 A and from 1.218 to 1.277 A on the reduced ligand for
22t/2'F and 3*1/3'F, respectively (Figure 2b).

Oxidative UV/Vis/NIR spectroelectrochemical experiments of
32* in CH,CN containing 0.1 m [nBuyN]I[PF,] confirm the revers-
ibility of the oxidation (Figure 3a). The MLCT band of 3**
bleaches, while a ligand-to-metal charge transfer (LMCT) band
at 882 nm concomitantly appears resulting in an isosbestic
point at 661 nm. On the other hand, spectroelectrochemical re-
duction of 3** is not fully reversible on the time scale of
spectroelectrochemistry (Figure 3b). Apart from the MLCT
bleach, no prominent spectral changes in the visible spectral
region evolve during reduction of 3% (Figure 3b). Spectroelec-
trochemical oxidation of 22* to 2** leads to the bleaching of
the MLCT band at 549 nm and an increase of the LMCT
band of 2>* at 1039 nm, while reduction of 22* is not fully re-
versible as well on this time scale (Supporting Information, Fig-
ure 545).

a) gfImolem™

32+, 33
882
— > 1
800 1000 1200 1400
Alnm
30000
J 32& - 3
20000
10000 541
0 T T T T 1
200 400 600 800 1000 1200 1400

Alnm

Figure 3. UV/Vis/NIR absorption spectra of 3[PFgl; in acetonitrile with 0.1 m
[nBu,M][PF,] at 298 K collected during a) electrochemical oxidation and
b) electrochemical reduction.
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Photophysical properties

The cpmp ligand possesses several ma* absorption bands and
bands with ILCT character, namely CT from the electron-rich
pyridyl methyl amine to the electron-poor dipyridyl ketone
moiety according to TD-DFT calculations (distal and proximal
ILCT; Supporting Information, Figure §9). Irradiating into the
{proximal) ILCT band at 354 nm leads to fluorescence at
455 nm (Supporting Information, Figure 59).

UV/Vis/NIR absorption spectra of 2[PF,]; and 3[PF], record-
ed in acetonitrile at room temperature are depicted in Figure 4
(Supporting Information, Figures 528, S38 for complete spec-
tra). According to TD-DFT calculations and derived charge
transfer numbers for the transitions (Supporting Information,

sl 1mol 'em™
5000

4000

3000

SflJ[) Sﬁ'.JD ?60 860 900

Alnm

Figure 4. UV/Vis/NIR absorption and emission spectra (scaled to the respec-

tive MLCT absorption band) of 2[PF4]; (blue) and 3[PFl, (red) in acetonitrile

at 298 K (4,,. = 544 nm). The photos display cuvettes of acetonitrile solutions
of 2[PFgl, and 3[PF,]; under irradiation with green light (560 nm).

Figures 528, S38), absorption bands at 342 nm (2**) and
350 nm (3%%) are mainly composed of MLCT transitions and
weaker ILCT transitions at the lower energy side (=390-
400 nm). Weak LL'CT transitions are calculated at 402 nm for
2** and at lower energy (497 nm) for 3**. According to TD-
DFT calculations, the characteristic absorption bands of 2**
and 37" at 549 and 541 nm are composed of six and three
transitions with MLCT character, respectively (Table 3, Support-
ing Information, Figures 528, 538). The intensity of the MLCT
band of 2** is significantly higher due to the larger number of
acceptor sites, namely the dipyridyl ketones of the two cpmp
ligands and consequently more MLCT transitions (Figure 4). Al-
though the MLCT band of 3** overlaps with the low-energy
LL'CT transition calculated at 497 nm, all ILCT and LL'CT bands
are higher in energy than the low-energy MLCT transitions.
Hence, the MLCT states should dominate the excited-state dy-
namics of the complexes when excited with low energy light.

Upon excitation at 544 nm, both complexes are phosphores-
cent in acetonitrile at room temperature with broad emission
bands peaking at 709 nm and 755 nm, respectively (Figure 4).

@ 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Absorption and emission wavelengths, Ey, calculated from low temperature emission spectra and excited-state lifetimes of 2[PFl,, 3[PFl, and

benchmark complexes in deaerated acetonitrile at 298 K and in butyronitrile at 77 K (if not stated otherwise), respectively.
Agps (NM] (298K) £ [m "em ') (298 K) Ao [(NM] (298 K) P [%] (298 K) A, [nm] (77 K) £y [eV] 1 [ns] (298 K)

2+ 549 5200 709 1.3 693 1.79 477
3+ 541 2800 755 0.04 740 1.68 56
[Rulbpy),]** 452141 13000 6154 g.shstel sgole 2,155 1100
[Ruftpy);)** 474" 10400"" 629"" <5x10%  sogt! 2,09 0.25
[Rulddpd)(tpy®)]** R=COOMe) 539, 603, 687" 6360, 3100 (sh), 800 (sh)™ 74471 111420 7agt0 1.70% 841
[Ru(depp),)** 500, 522, 562 5428, 6425, 26041 608" 30" 613" 202 3300
[a] 293 K. [b] in MeOH/EtOH 4:1. [c] in EtOH/MeOH 4:1. [d] 295 K.

The excitation spectrum of 22* matches the absorption spec- a)

trum (Supporting Information, Figure 528a), confirming that A0Dx100

the emission originates from 2**. The luminescence quantum e Hjm 500

yield of & =1.3% measured with an integrating sphere in de- — 1000

aerated acetonitrile drops to 0.88% under aerated conditions 053 — 1150

suggesting quenching of the excited triplet state by triplet '

oxygen (68 % quenching). Concomitantly, the excited-state life-

time decreases from =477 ns to 7=237 ns under ambient 00 = oW e s o e e = o s & S

conditions (acetonitrile, 4., =544 nm, Supporting Information,

Figure S46a) confirming the triplet character of the excited

state. -0.54
The phosphorescence quantum yield of 3% of @ =0.04%,

measured relative to that of 2?* in acetonitrile at 298 K, is 33 400 500 800 700

times lower. The excitation spectrum of 3?* only fits to the Alnm

low-energy 'MLCT band, while the higher energy transitions bJA Al

around 267 and 350 nm do not significantly evolve to the 1.0

emissive *MLCT state (Supporting Information, Figure S38a).

Obviously, the *MLCT state of 3** is only populated efficiently 0.5-

via the low-energy 'MLCT states but not from the high-energy

'MLCT/'LL'CT states suggesting an alternate excited-state 0.04

decay behavior from these higher energy states as compared

to 2°*. This alternate decay path is possibly enabled by the -05

higher flexibility of the ddpd ligand. The *MLCT excited-state

lifetime of 3°* was determined using the lifetime spectrometer =14

(=45 ns, Supporting Information, Figure $46b) and confirmed 5 i ' .

by streak camera measurements (r=>56 ns) at room tempera- 400 500 600 700

ture in CH;CN (Supporting Information, Figure S47). In both ex- Alnm

periments, a second component with higher lifetime (lifetime
spectrometer: 294 ns; by streak camera: 468 ns) was present.
We ascribe the second component to some trace impurity,
possibly traces of 22* below the NMR detection limit.

Transient absorption spectroscopy was used to explore the
initial dynamics of 2% and 3" after the excitation pulse
(540 nm; Figure 5a, Supporting information, Figures 548-550).
For 2**, a ground-state bleach at 535 nm is observed together
with excited-state absorptions around 400 nm and above
600 nm. This fits to MLCT states with the MLCT band of the
ground-state bleached and the LMCT band of the excited state
appearing as suggested by the estimated difference spectrum
derived from the absorption spectra of 2**, 2'* and 2** (Fig-
ure 5b),"" prepared by electrochemical oxidation and reduc-
tion (Supporting Information, Figure S45). Intersystem crossing
from the 'MLCT to the *MLCT state occurs within the time reso-
lution of the instrument (100 fs). The populated *MLCT state

Chem. Eur. J. 2020, 26, 6820 - 6832 www.chemeurj.org
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Figure 5. a) fs-Transient absorption spectra of 2[PF], in acetonitrile at differ-
ent delay times after excitation at 540 nm at 293 K and b) estimated differ-
ence spectrum'™” derived from absorption spectra of 2**, 2** and 2+, pre-
pared electrochemically in acetonitrile with 0.1 m [nBu,N][PF ] at 298 K by
“scaled ['f4(2F +2%) —2*4)".

features a lifetime in the nanosecond range. This fits to the
TCSPC and streak camera measurements (Supporting Informa-
tion, Figures S46a, 547a). The heteroleptic complex 3%+ dis-
plays an analogous behavior, yet superimposed by the spectral
characteristics of trace impurities of 2** (Supporting Informa-
tion, Figure S48).

In frozen butyronitrile solution at 77 K, the emission bands
of 22* and 3?* at 693 and 740 nm, respectively, are sharper
with less vibrational broadening (Supporting Information, Fig-
ure S51; Table 3). From these data, the triplet excited-state en-
ergies are calculated as 1.79 and 1.68 eV, respectively. The

@ 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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lower *MLCT energy of the latter might also contribute to the
low quantum yield of 3?* due to its higher non-radiative
decay rate constants according to the energy gap law.*%”

Compared to [Ru(tpy),]**,***" the emission quantum yields
of 2°* and 3?* are significantly higher in spite of the lower
3MLCT energy and hence potentially increased non-radiative re-
laxation (based on the energy gap law), demonstrating the
usefulness of the “large ligand field” concept. The emission
quantum vyield of the push-pull complex 2%* is similar to that
of the heteroleptic donor-acceptor complex [Ru(ddpd)(tpy®))**
bearing only a single tridentate ligand with large bite angles
(Scheme 1). In the complex series 32*, 22*, [Ru(dcpp),)** with
exclusively six-membered chelate rings, but an increasing
number of dipyridyl ketone units, quantum yields increase by
factors of 35 and 23, and the lifetimes by 8.5 and 6.9, respec-
tively. The enhancement in quantum yield in this series paral-
lels the increasing *MLCT energies (Table 3) in accordance with
the energy gap law.*®**” This again demonstrates that merely
lowering the *MLCT energies to increase the *MC -*MLCT gap is
counterproductive. However, the *MLCT energies of 2°* and
3%* differ only by 0.11 eV and hence further aspects must be
additionally relevant for the excited-state dynamics of 2** and
32+,

To gain a deeper insight in the excited-state landscape, ge-
ometry optimizations based on DFT calculations on the singlet
ground states ('GS), the *MLCT and *MC states of 22* and 3?*
were performed on the CPCM(acetonitrile)-B3LYP-D3BJ-ZORA/
old-TZVP level of theory. The calculated *MLCT energies are
slightly lower than the experimental ones. Yet, the calculations
correctly reproduce the order of the *MLCT energies with that
of 2?* being higher by 0.16 eV than that of 3?*. On the other
hand, the calculated *MC state minima of 2% and 32* are very
similar in energy. This leads to a larger *MC -*MLCT energy dif-
ference for 3** (0.77 eV) than for 2** (0.57 eV), which would
imply a facilitated non-radiative decay via the *MC state in 2%,
which is not observed.

The difference between the *MC states of 2°* and 3** is the
location of the Jahn-Teller distortion. In 2°*, a cpmp ligand is
necessarily involved with large changes in Ru-N4 and Ru-N6
distances and a high torsional distortion involving the CO-py
unit (Figure 6a). On the other hand, the ddpd ligand in 3** en-
ables a Jahn-Teller distortion, which is rather symmetrically dis-
tributed over the Ru-N4 and Ru-N6 bonds (Figure 6b). The an-
cillary tridentate ligands are barely distorted relative to the
ground-state geometry. Obviously, the m-accepting CO-py unit
experiences a stronger distortion than the more electron-rich
NMe-py units. This might be ascribed to the loss of n-back-
bonding in the *MC state due to the electron depletion in the
metal n orbitals. For a more detailed view, the geometries of
'GS, *MLCT and *MC states were optimized along the Jahn-
Teller type axis of the distorted *MC states (projected onto the
two averaged elongated Ru—N bond lengths, Figure 7). The
potential energy well of the *MC state along the Jahn-Teller
mode is steeper for 2>* than for 3**. The optimized *MC geo-
metries of 3% with Ru-N distances of ~23 and 2.6 A along
the Jahn-Teller axis are essentially isoenergetic (Figures 6b and
7b). Consequently, the crossing point of the *MC state with

Chem. Eur. J. 2020, 26, 6820 - 6832 www.chemeurj.org
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Figure 6. DFT-optimized geometries of the *MC states of a) 2** and b) 3**
showing the relevant distances and angles of the tridentate ligand involved
in the Jahn-Teller distortion (spin density plotted with an isosurface value of
0.01 a.u.). The essentially unaffected ancillary cpmp ligand is not shown for
clarity. The two displayed geometries of 3** are nearly isoenergetic.

" EleV {}
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dau(Ru-N*, Ru-N®) 7 A

Figure 7. Calculated potential energy diagrams of a) 2** and b) 3** with
averaged Ru—N bond lengths along the respective Jahn-Teller axis as simpli-
fied reaction coordinate. DFT optimized geometries and spin densities of the
*MLCT states of 2** and b) 3** (isosurface value at 0.01 a. u.).

the singlet ground state at around 2.6-2.7 A is higher in
energy by ca. 0.2 eV for 22* than for 32* with respect to the
energy minimum of the respective *MC states. Stronger Ru—N
bonds and a more rigid ligand backbone may account for the
steeper *MC potential well of 2>* as compared to 3?*. Conse-
quently, the type of the bridging units between the coordinat-
ing pyridines modifies the excited-state potential steepness,

® 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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which in turn affects the excited-state dynamics. Obviously, CO
linkers are better than NMe linkers in this respect. This also fits
to the excellent performance of [Ru(depp),]* ", which exclusive-
ly possesses CO bridging moieties in the six-membered chelate
rings.1*

Reductive quenching of the *MLCT state

The intense absorption band at 549 nm with a molar extinc-
tion coefficient of 5200m 'cm™', the 477 ns *MLCT state life-
time, the sufficient redox stability and the *MLCT energy of 2°*
(1.79 eV) should enable excited-state quenching by suitable
redox partners. The excited-state redox potential of 2°7
E,(*22%/2F)= +0.50 V vs. ferrocene is somewhat higher than
that of *[Ru{bpy];]a "/[Ru(bpy);] " (E, = +041V vs. ferrocene).
Furthermore, green light (560 nm) can be used to excite 22,
while the molar extinction coefficient of [Ru(bpy)s)’" at
560 nm (¢=250m 'cm™") is ca. 21 times smaller. Hence, using
[Ru(bpy);)** as photosensitizer typically requires the use of
blue light matching its MLCT maximum at 452 nm. Conse-
quently, we were interested in the reductive quenching of the
3MLCT state of 2°* using low-energy green light.

Gratifyingly, aliphatic and aromatic amines such as N,N-diiso-
propylethylamine (DIPEA), p-toluidine and N,N,N'N'-tetrameth-
yl-1,4-phenylendiamine (TMPA) quench the *MLCT emission of
2%*, Stern-Volmer analyses yield the Stern-Volmer constants
KW—ZZ (DMF, A..=555nm), 93 (CH.CN, 4,.=546 nm) and
2819m " (DMF, 4, =555 nm), respectively (Supporting Infor-
mation, Figures $52-554). For the aromatic amines, the higher
K, of TMPA correlates to its lower TMPA/TMPA™ redox poten-
tial (—0.27 V' ys. ferrocene) than that of p-toluidine (+0.34 V
vs. ferrocene”"). With the excited-state lifetime of 477 ns of
2%, the quenching rate constants of the amines amount to
k,=0005x10% 0.19x10° and 5.91x10°m~"s™" for DIPEA, p-tol-
uidine and TMPA, respectively.

Encouraged by these initial quenching results and the re-
corded reduction potential of 2** (E, (2°*/27%)=-129V),
which could be sufficient for re-oxidation by oxygen, a visible
light induced radical thiol-ene click reaction”'”’* was attempt-
ed using 2[PF¢l,, 3[PF4l; and [Ru(bpy)s][PF.], (2.2-2.5 mol-%) as
sensitizer, allyl alcohol (2.5 equiv) as olefin component, N-Boc
cysteine methyl ester (1.0 equiv) as thiol component and p-tol-
uidine (0.46 equiv) as redox mediator as developed by Yoon
et al. (Scheme 3).7" The thiol quenches the emission of 2[PFl,
only very moderately (Ksy,=0.60m ", CH,CN, 4., =546 nm; k,=
0.0013x10°m 's™"; (Supporting Information, Figure S55). Con-
sequently, the observed photoreactivity occurs via quenching
of the excited ruthenium(ll) complex by the amine as suggest-
ed by Yoon for [Ru(bpy)s]* """ In contrast to the reported con-
ditions, which relied on blue light (450 nm), we employed
green light (560+5 nm by bandpass filters; Supporting Infor-
mation, Figure S$56). After 3 h of irradiation, 56, 18 and 20% of
the thiol-ene product were observed for 2[PFl,, 3[PF;]; and
[Ru(bpy);][PFl,, respectively (Supporting Information, Fig-
ure S57). The smaller molar extinction coefficient at 560 nm
(Figure 4), a lower excited-state energy (Supporting Informa-
tion, Figure S51) and a significantly smaller *MLCT lifetime ac-
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et Ar-NHI*
N'Lu- iy
[Ru"l.l.l’"" RS \/\\/OH

Ar-NHZ
[RULL™)* Ar- NHQ 3

RS ~_OH RSH

Scheme 3. Photocatalytic radical thiol-ene click reaction utilizing the (green)
light-induced reductive quenching pathway of [RuLL)]** =2?*, 3** and
[Ru(bpy);)** mediated by p-toluidine (Ar=p-CH,-CH;) according to ref. [71]
(R=CH;-CHNHBoc-COOCH,).

count for the poorer performance of 3[PF.], (vide supra). The
lower vyields and slow conversion obtained with [Ru(bpy)s]
[PF,], are ascribed to its significantly lower molar extinction co-
efficient at 560 nm. Hence, with respect to employing green in-
stead of blue light, 2[PF¢], outperforms the standard sensitizer
[Ru(bpy),][PFgl, in this exemplary photosensitized reaction.

Conclusions

With the aim to lower MLCT and increase *MC energies and
possibly to induce further luminescent states of *ILCT or *LL'CT
character in ruthenium(ll) complexes, we prepared the donor-
acceptor ligand cpmp and its homo- and heteroleptic ruthe-
nium(ll) complexes 2** and 3** (with ddpd as ancillary triden-
tate ligand). The cpmp and ddpd ligands form six-membered
chelate rings which increases the ligand field splitting and
hence the *MC energies. The electron accepting py,CO and
electron donating py,NMe units within the same cpmp ligand
lead to ILCT/LLCT transitions in the complexes, However, these
are found at too high energy to enable emission from these
states and to play a significant role in the excited-state decay
when excited at lower energy. The *MLCT states are emissive at
room temperature in solution. The homoleptic complex 2**
emits at 709 nm with a luminescence quantum yield of 1.3%
and a 477 ns excited-state lifetime, while the heteroleptic com-
plex 3?* featuring an additional ddpd ligand with only
py,NMe units is less emissive (755 nm, 0.0379%, 56 ns). This dif-
ference is ascribed to the energy gap law and furthermore to a
higher flexibility of the coordinated ddpd ligand in 3** facili-
tating non-radiative decay to the ground state. These results
highlight the importance of the excited-state geometries in ad-
dition to the excited-state energies for the actual excited-state
dynamics. The complexes are active in photoinduced electron
transfer reactions with p-toluidine as redox mediator using
green light as excitation source. Due to its more favorable op-
tical properties, 2** is a more potent photosensitizer than 3%,

Experimental Section
General procedures

CH,CN and diethyl ether were distilled under argon atmosphere
from CaH, and sodium, respectively. All other solvents and re-
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agents were used as received from commercial suppliers (Acros,
Alfa Aesar, Fischer and Sigma-Aldrich). Microwave heating was per-
formed in a Discover Benchmate Plus (CEM Synthesis) single-mode
microwave cavity, producing continuous irradiation at 2.455 GHz
with 150 W. Reaction mixtures were stirred with a magnetic stir
bar during irradiation. Temperature and irradiation power were
monitored during the course of the reaction. NMR spectra were re-
corded on a Bruker Avance DRX 400 spectrometer at 400.31 MHz
('H), 100.05 MHz (“C{'H}), and 162.05 MHz (*'P{'H}). All resonances
are reported in ppm versus the solvent signal as an internal stan-
dard [CD;CN ('H, 6=1.94; C, § =1.24 ppm)]” or versus external
H;PO, (85%) (*'P: =0 ppm); (s)=singlet, (d)=doublet, (t)=trip-
let, (sept) =septet, (m)=multiplet. Atom numbering is shown in
the Supporting Information at the respective NMR spectra. IR spec-
tra were recorded with a Bruker ALPHA Il FT-IR spectrometer with
a platinum Di-ATR module {cpmp) and BioRad Excalibur FTS 3100
spectrometer using KBr disks (1[PFg], 2[PFgl,, 3[PF,l,). Electrochem-
ical experiments were carried out on a BiolLogic SP-50 voltammet-
ric analyzer using platinum wires as counter and working elec-
trodes and 0.01 m Ag/AgNQ; as the reference electrode. The mea-
surements were carried out at a scan rate of 100 mVs~' for cyclic
voltammetry experiments and at 50 mVs ' for square-wave vol-
tammetry experiments using 0.1 m [nBu,NI[PF,] as the supporting
electrolyte in CH,CN. Potentials are referenced to the ferrocene/fer-
rocenium couple. UV/Vis/NIR spectroelectrochemical experiments
were performed using a BioLogic SP-50 voltammetric analyzer and
a Specac omni-cell liquid transmission cell with CaF, windows
equipped with a Pt-gauze working electrode, a Pt-gauze counter
electrode and a Ag wire as pseudo reference electrode, melt-
sealed in a polyethylene spacer (approximate path length 1 mm) in
CH,CN (0.3 mm and 0.9 mm for oxidation and reduction, respec-
tively) containing 0.1m [nBu,NI[PF]."" IR spectroelectrochemical
experiments were performed using a BioLogic SP-200 voltammetric
analyzer and using the same cell, electrodes and electrolyte as
above (12 mm). UV/Vis/NIR spectra were recorded on a Varian Cary
5000 spectrometer using 1.00 cm cells. Emission spectra were re-
corded on a Varian Cary Eclipse spectrometer. For low temperature
photoluminescence measurements, a solution of the complex in
butyronitrile freshly filtered over alumina was filled into a quartz
cuvette in an argon filled glovebox and the cuvette was sealed
and transferred to an Oxford cryostate (Oxford instruments Opti-
stat™). Measurements were conducted at 295 K and 77 K. Fluores-
cence decays were recorded with an Edinburgh Instruments life-
time spectrometer (FLS 920) equipped with a microchannel plate
photomultiplier tube (MCP-PMT; Hamamatsu R3809U-50) using a
330 nm ps laser diode (EPLED, Edinburgh Instruments) as excitation
light source. All measurements were performed under magic-angle
conditions (polarizers in the excitation and emission channel set to
0° and 54.7°, respectively). Transient absorption spectra were re-
corded with a time resclution of ca. 100 fs by a pump-probe setup
based on a Ti:sapphire laser system (CPA 2001, Clark MXR, Inc.) op-
erating at a center wavelength of 775 nm and at a repetition rate
of 1kHz. Applying a noncollinear optical parametric amplifier
(NOPA), excitation pulses with a center wavelength of 540 nm
were generated whose dispersion was controlled by a prism com-
pressor. As probe, a white light continuum was used which was
generated in a CaF, crystal. The polarizations of pump and probe
were set to magic angle and the beams were focused into the
sample to overlapping spots with diameters of 330 um for the
pump and 90 pm for the probe. After the sample, the probe was
dispersed by a prism and transmission changes were spectrally re-
solved recorded by a CCD array detector. The sample compounds
were dissolved in CH;CN and the solutions were filled into a 1 mm
thick fused silica cuvette. Time-resolved luminescence was mea-
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sured by a streak camera system (C10627, Hamamatsu Photonics)
using again excitation pulses at 540 nm generated by a NOPA. For
the measurements with the streak camera, the samples dissolved
in CH,CN were filled into a 1 cm thick fused silica cuvette, All sam-
ples were deaerated with argon prior the spectroscopic measure-
ments. The luminescence quantum yield of 2[PF,], was determined
with an Ulbricht integrating sphere (Quantaurus-QY C11347-11, Ha-
mamatsu)."* 7" The luminescence quantum yield of 3[PF), was de-
termined by comparing the areas under the emission spectra on
an energy scalecm ' recorded for optically matched solutions of
the sample and the reference {®(2[PF4l;)=0.0088 in aerated
CH,CN}. ESI mass spectra were recorded on an Agilent 6545 QTOF-
MS spectrometer (cpmp) and a Micromass Q-TOF-Ultima spectrom-
eter (1[PFg], 2[PFgl,, 3[PF.];). Elemental analyses were performed
by the microanalytical laboratory of the department of chemistry
of the University of Mainz. The catalysis experiments were carried
out using an Asahi Spectra Max-303 Xenon Light Source (300 W),
together with 560 nm + 5 nm filters (Supporting Information, Fig-
ure 556).

Crystal structure determination

Intensity data were collected with a Bruker AXS Smart1000 CCD
diffractometer with an APEX Il detector and an Oxford cooling
system and corrected for absorption and other effects using Moy,
radiation (1=0.71073 A). The diffraction frames were integrated
using the Bruker SMART software package,”® and most were cor-
rected for absorption with MULABS"™ of the PLATON software
package”™ The structures were solved by direct methods and re-
fined by the full-matrix method based on F* using the SHELX soft-
ware package®™ using the ShelXle graphical interface.®” Non-hy-
drogen atoms were refined anisotropically, while the positions of
all hydrogen atoms were generated with appropriate geometric
constraints and allowed to ride on their respective parent carbon
atoms with fixed isotropic thermal parameters. CCDC 1852838
(3[PF;],) contains the supplementary crystallographic data for this
paper. These data are provided free of charge by The Cambridge
Crystallographic Data Centre.

Density functional theoretical calculations

DFT calculations were carried out using the ORCA program pack-
age (version 4.0.1).*** All calculations were performed using the
B3LYP functional®* and employ the RIJCOSX approximation.®®!
Relativistic effects were calculated at the zeroth order regular ap-
proximation (ZORA) level.®™ The ZORA keyword automatically in-
vokes relativistically adjusted basis sets. To account for solvent ef-
fects, a conductor-like screening model (CPCM) modeling acetoni-
trile was used in all calculations.””"" Geometry optimizations were
performed using Ahlrichs polarized valence triple-zeta basis set
(old-TZVP equivalent to def2-TZVP from ORCA 3.0) together with a
segmented all electron relativistically contracted (SARC) auxiliary
basis set®%! Atom-pairwise dispersion correction was performed
with the Becke-Johnson damping scheme (D3BJ).*** The pres-
ence of energy minima was checked by numerical frequency calcu-
lations. Explicit counterions and/or solvent molecules were not
taken into account. The *MC structures were found by constraining
certain Ru—N bonds to longer distances and re-optimizing the thus
obtained structure without geometry constraints. All optimized ge-
ometries were ascertained as minima by numerical frequency anal-
ysis. For the potential diagrams, the two Ru—-N bonds that are
elongated in the *MC states were constrained to the respective
averaged elongated values, The assignment of the state characters
has been done dividing the molecule into three fragments (metal
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center and two ligands) and calculating charge transfer numbers,
as implemented in the TheoDore software package.”* %!

Synthesis of cpmp (6,2"-carboxypyridyl-2,2’-methylamine-
pyridyl-pyridine)

6-Bromo-N-methyl-N-{pyridin-2-yl)pyridyl-2-amine®” (3.06 g,
16 mmol, 1.0 equiv.) was dissolved in dry diethyl ether (100 mL)
under argon. At —78°C, n-butyl lithium (2.5m in hexane, 7.0 mL,
18 mmol, 1.1 equiv.) was added dropwise. After stirring for 1 h at
—78°C, 2-cyanopyridine (1.67 g, 16 mmol, 1.0 equiv.) dissolved in
dry diethyl ether (20 mL) was added dropwise, keeping the tem-
perature below —70°C. After 30 minutes stirring below —70°C, the
solution was allowed to warm to room temperature. The dark
brown solution was poured over ice (500 g) to yield an orange so-
lution, which was acidified with hydrochloric acid (1m, 150 mL).
The separated organic layer was extracted with hydrochloric acid
(1m, 33150 mL). The combined aqueous phases were neutralized
with saturated aqueous sodium carbonate solution. The aqueous
solution was extracted with methylene chloride (3x150 mL). The
combined organic phases were dried over magnesium sulfate and
the solvent was removed under reduced pressure. The crude prod-
uct was purified by column chromatography (silica gel, petroleum
ether/ethyl acetate 1:1) to vyield a yellow oil (25%, 1.29g,
444 mmol). Ry (Si0, petroleum ether/ethyl acetate 1:1)=0.30.
Elem. anal. caled for C;H,N,O x 0.1 H,O: C, 69.90; H, 4.90; N,
19.18. Found: C, 69.91; H, 5.17; N, 19.08. 'H NMR (CD,CN): 6 =870
(dt, J=4.8, 1.4 Hz, 1H, H'®), 8.30-8.24 (m, 2H, H"), 7.94-7.89 (m,
2H, H', H"), 7.79 (dd, /=8.5, 7.4 Hz, 1H, H%, 7.58-7.50 (m, 3H, H*,
H', H"), 7.39 (d, J=85 Hz, TH, H), 7.32 (d, J=8.4 Hz, 1H, H"), 691
(ddd, J=7.4, 5.1, 0.9Hz, 1H, H?, 3.48 (s, 3H, H%. "*C{'"H} NMR
(CD,CN): 6=192.8 (C'), 156.2 (C°), 155.7 (C7), 154.3 (C"), 151.7
(C™), 1481 (C'%), 146.9 (C"), 137.1 (C%), 136.4 (C'), 135.8 (C"), 125.3
(C'"), 1235 (C"), 116.8 (CY), 116.2 (C%), 1156 (C), 1145 (C), 345
(C°). MS (ESI*): m/z=291.1 (100%, [M+H]"). MS(HR-ESI*): calcd for
Cy;H N, 0 mfz=291.1240. Found: m/z=291.1234. IR (ATR): v=
3052 (vw, CH), 3003 (vw, CH), 2958 (vw, CH), 2910 (vw, CH), 2816
(vw, CH), 1679 (m, C=0), 1578 (s), 1565 (m), 1429 (vs.), 1348 (s),
1320 (m), 1267 (m), 1241 (w), 1185 (vw), 1141 (w), 1115 (w), 1081
(w), 1046 (vw), 973 (m), 891 (w), 826 (w), 776 (m), 737 (s), 698 (m),
655 (w), 614 (m), 559 (vw), 432 (vw), 403 (w) cm™'. CV (CH,CN, vs.
FcH/FcH' ) £ = —1.99 (irrev.), +0.97 (irrev.) V. UV/Vis (CHyCN): A,
(€)=231 (13000), 267 (9790), 305 (12800), 354nm (sh,
1970m ' em™"). Emission (CH,CN, 295K, .. =354nm): A, =
455 nm.

Synthesis of 1[PF;] ([RuCl(cpmp)(NCCH,)],[PF],; n=2)

Di-u-chlorido-bis[chlorido(#®1-isopropyl-4-methylbenzene)ruthe-

nium({IN]*¥ (1.06 g, 1.72 mmol, 1.0 equiv.), cpmp (1.00 g, 3.45 mmaol,
2.0 equiv.) and KPF, {1.06 g, 5.74 mmol, 3.3 equiv.) were dissolved
in acetonitrile (150 mL). The solution was heated to reflux for 6 h
to yield a red-purple solution. After filtration over alumina, the sol-
vent was removed under reduced pressure, The solid was dissolved
in acetonitrile (5 mL) and precipitated by addition of diethyl ether
(100 mL). The red-purple solid was washed with diethyl ether
(250 mL). The red-purple micro crystals were dried under reduced
pressure. Yield 1.99 g (3.25 mmol, 94%). 'H NMR (CD;CN) & =8.89
(d, /=53 Hz, 1H, H"), 8.85 (dd, J=5.9, 1.9Hz, 1H, H"), 8.19 (dd,
J=7.0, 1.0 Hz, 1H, H'), 8.11 (dd, J=7.8, 1.3 Hz, 1H, H'®), 8.00 (dd,
J=74, 74Hz, 1H, H°), 7.94 (ddd, /=838, 7.4, 1.8 Hz, 1H, H’), 7.87
(dd, /=73 Hz, 1H, H'), 7.62 (ddd, /=74, 5.7, 1.7 Hz, 1H, H'%), 7.51
(dd, /=83, 1.3 Hz, 1H, H%), 7.38 (dd, /=83, 1.0Hz, 1H, H?), 7.21
(ddd, J=7.2, 5.8, 1.2 Hz, 1H, H%, 3.63 (s, 3H, H%), 2.59 (s, 3H, H").
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BC{'H} NMR (CD,CN): 6=1824 (C'), 157.6 (C'), 156.7 (C°), 156.6
{C™), 155.6 (C™), 155.1 (C'"), 153.9 (C"), 137.8 (C?), 137.1 (C"), 1365
(C"), 126.1 (C'Y), 126.0 (C'°), 125.6 (C'¥), 122.7 (C'), 118.7 (C*, 116.8
(C%), 1130 (C?), 38.9 (C°), 2.9 (C). *'P{'H} NMR (CD,CN): &= —144.6
(sept, "Jor =700 Hz). MS (ESI"): m/z=426.9 (63%, [RuCl(cpmp)]”),
467.9 (100%, [RuClicpmp)(NCCH,)]"), 485.9 (34%, [RuCl(cpmp)-
{H,0)(NCCH,)] "), 508.96 (24%, [RuCl(cpmp)(NCCH,),1%). MS (HR-
ESI): caled for C,H;,CIRUNLO™: m/z=509.0425. Found: m/z=
509.0421. IR (KBr): #=3091 (vw, CH), 2966 (vw, CH), 2933 (vw, CH),
2275 (vw, C=N), 1672 (s, C=0), 1590 (s), 1483 (s), 1455 (s), 1437 (s)
1353 (s), 1314 (w), 1290 (vw), 1266 (w), 1247 {m), 1172 (vw), 1151
(w), 1097 (vw), 1063 (vw), 1030 (w), 972 (w), 843 (vs., PF), 757 (s),
717 (w), 704 (w), 675 (vw), 582 (w), 559 (vs., PF, def), 519 (vw)
em'. UV/Vis (CHLCN): A, (£) =276 (19100), 341 (10500), 494 nm
{3150 m " cm ). [RuCl{cpmp)(NCCH,)I[PF,] was used directly with-
out further purification.

Synthesis of 2[PF.], ([Ru(cpmp),l[PF.],)

[RuCl(cpmp)(NCCH;)IIPF] (1[PFgl) (100 mg, 0.16 mmol, 1.0 equiv.)
and cpmp (77 mg, 0.27 mmol, 1.6 equiv.) were dissolved in a mix-
ture of acetonitrile (1 mL) and ethanol (6 mL). The solution was
heated to reflux in a laboratory microwave oven for 20 h (100 W,
90°C). The solvents were removed under reduced pressure. The
solid was dissolved in acetonitrile (1 mL) and precipitated by addi-
tion of diethyl ether (100 mL). The precipitate was washed with di-
ethyl ether (100 mL) to remove excess ligand. The dark red product
was dissolved in acetonitrile (1 mL). Addition of an aqueous solu-
tion of [NH,[PF (1 g, 6 mmol, 37 equiv. in 100 mL H,0) resulted in
the precipitation of a purple solid, which was collected by filtration
and purified by diffusion of diethyl ether into a solution of 2[PF],
in acetonitrile. The purple crystals were dried under reduced pres-
sure. Yield: 76 mg (0.08 mmol, 48 %). 'H NMR (CD,CN): 6=8.21 (dd,
3j=8.0, 8.0 Hz, 2H, H%, 8.11-8.01 (m, 4H, H', H'), 792 (d, *J=
7.8 Hz, 2H, H'%), 7.88 (ddd, */=7.9, 7.9 Hz, *J=1.8 Hz, 2H, H?, 7.61
{d, *J=8.4Hz, 2H, HY, 7.57 (d, *J=5.7 Hz, 2H, H'), 7.35 (ddd, *J=
7.6 Hz, J=5.7Hz, /=23 Hz, 2H, H"), 7.21 (d, °J=8.6 Hz, 2H, HY),
7.03 (dd, *J=59Hz, J=1.8Hz, 2H, H'), 680 (dd, *J=6.6 Hz, *J=
6.6 Hz, 2H, H?), 2.88 (s, 6H, H%. "C{'"H} NMR (CD,CN): 6=183.3
(C"), 1566 (C*), 155.8 (C"), 154.5 (C'), 153.7 (C""), 153.6 (C"™), 152.2
(C"), 139.6 (C?), 139.0 (C%), 137.7 (C'), 127.7 (C"), 1268 (C'), 1238
(C'), 120.4 (C?), 119.2 (C*,113.8 (C%), 38.2 (C%). *'P{'H} NMR (CD,CN):
d=—1455 (sept, "Jr=700Hz). M5 (ESI") m/z=341.1 (64%,
[Ru(cpmp),)**), 827.1 (100%, [Ru(cpmp),J[PF]*). MS (HR-ESI™):
caled for Gy HFRUNGO,PT: m/z=827.1021. Found: m/z=
827.1003. Elem. anal. calcd for Cy HogF,,RUNO,P,: C, 42.03; H, 2.90;
N, 11.53. Found: C, 41.88; H, 3.04; N, 11.86. IR {ATR): #=3110 (vw,
CH), 3092 (vw, CH), 1664 (w, CO), 1587 (w), 1486 (wvw), 1455 (w),
1437 (w), 1354 (w), 1318 (vw), 1292 (vw), 1265 (vw), 1244 (vw),
1176 (vw), 1149 (w), 1141 {vw), 1125 (vw), 1105 (vw), 1089 (vw),
1064 (vw), 1021 (vw), 973 (vw), 871 (vw), 833 (vs., PF), 794 (w), 777
{m), 758 (m), 710 (w), 668 (vw), 651 (vw), 634 (vw), 612 (vw), 578
{ww), 555 (vs., PF.), 515 (vw) cm ™", IR (KBr): #=3127 (vw, CH), 3103
{vw, CH), 3040 (vw, CH), 3015 (v), 2985 (vw), 2916 (vw), 2835 (vw),
2249 (vw), 1666 (vs., CO), 1591 (s), 1572 (w), 1480 (s), 1469 (m),
1411 (w), 1379 (w), 1352 (s), 1314 (m), 1291 (w), 1251 (m), 1194
(vw), 1174 (w), 1148 (w), 1137 (w), 1118 (vw), 1100 (vw), 1087 (wvw),
1064 (vw), 1025 (w), 972 (w), 921 (vw), 879 (s), 846 (vs., PF), 793
(m), 757 (s), 714 (w), 675 (vw), 653 (vw), 633 (vw), 615 (vw), 577
(w), 558 (vs., PF;), 519 (vw), 469 (vw), 449 (vw), 430 (vw), 414 (vw),
398 (vw) cm . CV (CH,CN, vs. FcH/FcH™): £, =—227 (irrev), —2.12
(irrev), —1.46 (rev.).-1.29 (rev.), +0.92 (rev.) V. UV/Vis (CH,CN): 4.,
(€)=269 (40800), 342 (20600), 549 nm (5200m 'cm ). Emission
(CH,CN, 298 K): A.,,=709 nm (4., =554 nm), =477 ns (deaerated),
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237 ns (aerated) (4,,.,=544 nm), @ (4, =544 nm)=1.3% (deaerat-
ed), 0.88% (aerated). Emission ("PrCN, 77 K, A..=549nm): 1.,=
693 nm.

Synthesis of 3[PF], ([Ru(cpmp)(ddpd)][PF],)

[RuClicpmp)(NCCH;)IPF; (1[PFgl) (100 mg, 0.16 mmol, 1.0 equiv.)
and ddpd™ (71 mg, 0.25 mmol, 1.5 equiv.) were dissolved in a mix-
ture of acetonitrile (1 mL) and ethanol (6 mL). The solution was
heated to reflux in a laboratory microwave oven for 8 h (100 W,
90°C). The solvents were removed under reduced pressure. The
dark red solid was dissolved in acetonitrile (1 mL) and precipitated
by addition of diethyl ether (100 mL). The precipitate was washed
with diethyl ether (100 mL) to remove excess ligand. The product
was collected by filtration and dissolved in acetonitrile {1 mL). Ad-
dition of an aqueous solution of [NH,J[PFJ (1 mg, 6 mmol,
37 equiv. in 100 mL of H,0) resulted in the precipitation of a
purple solid, which was collected by filtration and purified by slow
diffusion of diethyl ether into a solution of 3[PF,], in acetonitrile to
yield crystals suitable for single-crystal X-ray diffraction. The purple
crystals were dried under reduced pressure. Yield: 98 mg
(0.10 mmol, 62%). 'HNMR (CD,CN): 6=8.12 (dd, */=8.0, 8.0 Hz,
1H), 8.03 (dd, *J=8.1, 8.1 Hz, 1H), 8.01-7.97 (m, 2H), 7.87-7.79 (m,
4H), 7.55 (dd, *J=8.4 Hz, */=1.2Hz, 1H), 742 (d, /=58 Hz, 1H),
7.30-7.20 (m, 6H), 7.18 (dd, *J=8.1, 8.1 Hz, 2H), 6.92-6.84 (m, 2H),
6.81 (ddd, *J=6.6, 59Hz, Y=12Hz, 1H), 6.76 (ddd, */=6.6,
59 Hz, “J=1.2Hz,1H), 3.02 (s, 3H, CH,), 3.01 (s, 3H, CH,), 2.81 (s,
3H, CH,). "*C{"H} NMR (CD,CN): 6 =185.0 (C'%), 159.8, 158.9, 158.3,
157.9, 156.9, 156.3, 156.2, 155.9, 154.4, 154.1, 153.5, 152.7, 141.2,
140.6, 140.2, 140.0, 139.7, 138.7, 128.8, 1284, 1254, 121.9, 121.7,
121.4, 1199, 115.7, 1156, 115.2, 113.7, 113.4, 40.8, 40.7, 40.0. The
nuclei of the two ligands feature too similar chemical shifts to
allow a detailed assignment. However, the number of 'H and
"*C NMR resonances, their intensity and multiplicity fit to the pro-
posed structure. *'P{'H} NMR (CD;CN): é=-144.7 (sept, 'Jp=
700 Hz). MS (ESI*): m/z=341.6 (48%, [Ru{cpmp)(ddpd))**), §28.2
(100%, [Ru(cpmp)(ddpd)]PF¢*). MS (HR-ESI'): caled for
CyH5, FgRUNGOP T m/z=828.1337. Found: 828.1320. Elem. anal.
calcd for CyHy F,RUNOP,: C, 41.98; H, 3.21; N, 12.96. Found: C,
41.72; H, 3.34; N, 12.84. IR (ATR): #=3096 (vw, CH), 2976 {vw, CH),
2905 (vw, CH), 2829 (vw, CH), 1666 (vw, CO), 1592 (vw), 1576 (vw),
1486 (w), 1450 (w), 1434 (w), 1351 (vw), 1335 (vw), 1314 (vw),
1246 (vw), 1236 (vw), 1196 (vw), 1170 (vw), 1136 (vw), 1096 (vw),
1064 (vw), 1024 (vw), 972 (vw), 947 (vw), 877 (vw), B29 (vs., PF),
774 (m), 746 (m), 713 (w), 673 (vw), 647 (vw), 633 (vw), 589 (vw),
581 (vw), 555 (s, PF,), 521 (vw), 467 (vw), 448 (vw), 437 (vw), 412
(vw) cm ™", IR (KBr): #=3111 (vw, CH), 2970 (vw, CH), 2913 (vw, CH),
2833 (vw, CH), 1668 (w, CO), 1597 (w), 1578 (w), 1489 (m), 1451
(m), 1436 (m), 1352 (w), 1337 (w), 1316 (vw), 1249 (w), 1171 (vw),
1140 (w), 1097 (vw), 1082 (vw), 1065 (vw), 1024 (vw), 973 (vw), 950
(vw), 842 (vs., PF), 799 (w), 778 (w), 753 (w), 715 (vw), 673 (vw), 664
(vw), 649 (vw), 633 (vw), 611 (vw), 591 (vw), 581 (vw), 557 (s, PF;),
528 (vw), 514 (vw), 496 (vw), 494 (vw), 463 (vw), 449 (vw), 438 (vw),
420 (vw), 410 (vw) cm. CV (CH,CN, vs. FcH/FeH ) £, =—2.06
(rev), —1.37 (rev), +0.67 (rew) V. UV/Vis (CH,CN): A, (£)=267
(33200), 350 (14200), 541 nm (2800m " cm™'). Emission (CH,CN,
298 K): A, =755 nm (A..=544 nm), t=56 ns (4., =540 nm, streak
camera), P (4., =545 nm, comparative method)=0.04% (deaerat-
ed), 0.028% (aerated). Emission ("PrCN, 77 K, 1., =541 nm): 4., =
740 nm.
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Reduction of 2[PFy]; and 3[PF], using decamethylcobalto-
cene

The respective ruthenium(ll} complex 2[PFgl, or 3[PFgl, (0.80 mg)
was dissolved in CH;CN (0.5 mL). CoCp*, was added (0.27 mg) and
the IR spectrum was recorded immediately.

Catalysis experiments

To an oven-dried NMR tube were added the olefin (0.157 mmol;
dried over molecular sieves), the thiol (0.063 mmol), the sensitizer
(2[PFgly: 1.4 pmol, 2.2 mol-%; 3[PFgy: 1.4 pmol, 2.2 mol-%;
[Ru(bpy)][PFsl;: 1.6 umol, 2.5 mol-%), p-toluidine (0.029 mmol) and
CD,CN (0.5 mL). The tube was sealed with a Teflon cap and irradiat-
ed with the green light source. Yields were determined by "H NMR
spectroscopy using 1,4-bis(trimethylsilyllbenzene as internal stan-
dard.
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Figure S8. ATR-IR spectrum of cpmp.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S9. a) UV/Vis/NIR absorption and emission spectrum of cpmp in acetonitrile at 298 K (Jexc = 354 nm, * =
2/exc) and b) UV/Vis/NIR absorption spectrum (black line) and TD-DFT calculated oscillator strengths (red stick

spectrum) of cpmp. Difference densities of the most intense low-energy ILCT transitions (TD-DFT, contour value of

0.01; purple = electron depletion; orange = electron gain). Possibly, the distal ILCT is very weak in solution due to
the flexibility of cpmp, which is not reflected in the TD-DFT calculation of the static molecule.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure $10. a) Cyclic voltammogram and b) square wave voltammogram of cpmp without (solid) and with (dotted)

added ferrocene, 1 mM in acetonitrile, 0.1 m ["BusN][PFs].

62

S6



6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure $11. 'H NMR spectrum of 1[PFs] in CDsCN at 293 K. * denotes solvent resonance; ** denotes water
resonance.
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Figure S12. "*C{'H} NMR spectrum of 1[PFe] in CDzCN at 293 K. * denote solvent resonances.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S13. H-"H COSY of 1[PFs] in CD:CN at 293 K.
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Figure S14. "H-'*C HSQC of 1[PFs] in CDsCN at 293 K.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S15. 'H-3C HMBC of 1[PFs] in CDsCN at 293 K.
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Figure S16. *'P{'H} NMR spectrum of 1[PFs] in CDsCN at 293 K.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S17. ESI* mass spectrum of 1[PFs] in acetonitrile.
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Figure $18. IR spectrum of 1[PFe] in KBr.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure $19. UV/Vis/NIR absorption spectrum of 1[PFs] in acetonitrile at 298 K.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure $20. 'H NMR spectrum of 2[PFe]2 in CDsCN at 293 K. * denotes solvent resonance; ** denotes water
resonance.
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Figure S$21. "*C{'"H} NMR spectrum of 2[PFe]z in CD3CN at 293 K. * denote solvent resonances.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S22. 'H-'"H COSY of 2[PFe]2 in CD3CN at 293 K.
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Figure S23. 'H-*C HSQC of 2[PFs]z in CD3CN at 293 K.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S24. 'H-'*C HMBC of 2[PFs]z in CD3CN at 293 K.
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Figure $25. *1P{'H} NMR spectrum of 2[PFs]z in CD3CN at 293 K.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

"% o
100

3
. % & 2 2 33

caid for G H,F RuN,0 P
[Ru(cpmp)2][PFe]*

80 1

-
827 624 626 6826 B30 632 822 @8M 825 828 B8 8%

ez iz

60 - [Ru(cpmp)2]2*
40 4
20 -

"

0 |

T T T Y T - T T T T T T 1
300 400 500 600 700 800 900
milz

Figure $26. ESI" mass spectrum of 2[PFs]z in acetonitrile. * denotes an impurity in the ESI| spectrometer.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S27. a) ATR-IR spectrum of 2[PFe]2 and b) IR spectrum of 2[PFs]2 in KBr.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S$28. a) UV/Vis/NIR absorption (black solid) and excitation spectrum (black dotted, Zem = 709 nm) of 2[PFs]2
in acetonitrile at 298 K and TD-DFT calculated oscillator strengths of 22* (stick spectrum, color code according to
charge transfer (CT) numbers); b) TD-DFT CT numbers from 0 to 1 of the 50 lowest lying singlets and c) difference
densities of 20 lowest energy transitions (TD-DFT, contour value of 0.01; purple = electron depletion; orange =
electron gain).
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure $29. 'H NMR spectrum of 3[PFe]z in CD3CN at 293 K. * denotes solvent resonance; ** denotes water
resonance.
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Figure $30. "*C{'"H} NMR spectrum of 3[PFe]z in CD3CN at 293 K. * denote solvent resonances.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure $31. 'H-'H-COSY of 3[PFg]z in CD:CN at 293 K.
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Figure §32. 'H-"H-NOESY of 3[PFe]z in CDsCN at 293 K (fmix = 1 s).
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S33. 'H-*C HSQC of 3[PFs]z in CD:CN at 293 K.
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Figure S$34. 'H-*C-HMBC of 3[PFs]z in CDsCN at 293 K.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure $35.3'P{'"H} NMR spectrum of 3[PFs]z in CD3CN at 293 K.
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Figure $36. ESI* mass spectrum of 3[PFs]z in acetonitrile.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure $37. a) ATR-IR spectrum of 3[PFe]2 and b) IR spectrum of 3[PFs]z in KBr.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S$38. a) UV/Vis/NIR absorption (black solid) and excitation spectrum (black dotted, Zem = 755 nm) of 3[PFe]2 in
acetonitrile at 298 K and TD-DFT calculated oscillator strengths of 32* (stick spectrum, color code according to charge
transfer (CT) numbers); b) TD-DFT CT numbers from 0 to 1 of the 50 lowest lying singlets and c) difference densities
of 20 lowest energy transitions (TD-DFT, contour value of 0.01; purple = electron depletion; orange = electron gain).
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

E/V vs. FcHIFcH'
Figure $39. Square wave voltammogram of 2[PFs]2 without (solid) and with (dotted) added ferrocene, 1 mm in
acetonitrile, 0.1 M ["BuaN][PFsg).
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Figure S40. Square wave voltammogram of 3[PF]z without (solid) and with (dotted) added ferrocene, 1 mm in
acetonitrile, 0.1 M ["BusN][PFg].
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S41. IR spectra (CO region) of 2[PFs]z in acetenitrile, 0.1 M ["BusN][PFs] a) during oxidation 22* — 2% and b)

during re-reduction 23+ — 22+,
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

a) vl em™
17ﬂ0 17?0 . 1TPO . 15?0 ) 1$§0 . 1q40

1675

b) viem™
1740 1720 1700 1680 1660 40

1675
Figure S42. IR spectra (CO region) of 3[PFe]2 in acetonitrile, 0.1 m ["BusN][PF&] a) during oxidation 3%* — 3% and b)
during re-reduction 33 — 32*,
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S43. IR spectra (CO region) of 2[PFe]2 in acetonitrile before and after reduction 22* — 2* with 1 eq. of
decamethylcobaltocene.
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Figure S44. IR spectra (CO region) of 3[PFe]2 in acetonitrile before and after reduction 32* — 3* with 1 eq. of
decamethylcobaltocene.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S$45. UV/Vis/NIR spectra of 2[PFs]z in acetonitrile with 0.1 M ["BusN][PFs] at 298 K collected during a)
electrochemical oxidation and b) electrochemical reduction.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S46. a) Luminescence decay of 2[PFs]2 in acetonitrile (Aexc = 544 nm, Aem = 709 nm) under argon (red) and
air-saturated (black) with monoexponential fit functions (blue: == 477 ns; green: = 237 ns) and b) luminescence
decay of 3[PFs]2 in acetonitrile (Aexc = 542 nm, Zem = 755 nm) under argon (red) and air-saturated (black) with
biexponential fit functions (blue: 71 = 45 ns and = = 294 ns; green: 7 =41 ns and = = 137 ns).
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure $47. a) Streak camera measurement of 2[PFs]z in acetonitrile (1exc = 540 nm), emission data integrated from
590 — 900 nm; monoexponential fit function with r = 434 ns (blue) and b) streak camera measurement of 3[PFs]z in

acetonitrile (lexc = 540 nm), emission data integrated from 620 — 930 nm; biexponential fit function with ©1 = 468 ns

and = = 56 ns (blue).
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S48. fs-Transient absorption spectra of 3[PFs]z in acetonitrile at different delay times after excitation at 540 nm
at 293 K (magic angle) and b) estimated difference spectrum derived from absorption spectra of 3%*, 3% and 3",
prepared electrochemically in acetonitrile with 0.1 m ["BusN][PFs] at 298 K by “scaled [2(3%* + 3**) — 32*]".
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure $49. a) Amplitude spectrum (red) for 2[PFs]2 in acetonitrile obtained by a global fit of a long living component
to the transient absorption data and compared to the bleach (cyan, scaled and vertically shifted negative ground state
absorption). b) Time traces of the transient absorption of 2[PFe]2 at the detection wavelengths 450 nm (black), 500 nm

(red), and 600 nm (blue) together with the time curves resulting from the global fit.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

a) AODx100

7, >2ns

04k —— Bleach

0.2

0.0+

0.2¢

04 - : :
400 500 600 700

b) AODx100

4 1 .
-2-10 1 10 100 1000
t/ps

Figure $50. a) Amplitude spectrum (red) for 3[PFs]2 in acetonitrile obtained by a global fit of a long living component
to the transient absorption data and compared to the bleach (cyan, scaled and vertically shifted negative ground state
absorption). b) Time traces of the transient absorption of 3[PFs]2 at the detection wavelengths 500 nm (red) and 600

nm (blue) together with the time curves resulting from the global fit.
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

",

709 740
1.0 - 693 . .. 755

0.8

0.6

0.4 +

0.2 1

0.0 : I . r —
600 700 800 900
Alnm

Figure S51. Normalized emission spectra of 2[PFe]2 (blue; Aexc = 549 nm) and 3[PFs]2 (red; Aexc = 541 nm) in
butyronitrile at 298 K (solid lines) and at 77 K (dotted lines).
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure S52. a) Emission spectra of of 2[PFs]z with increasing concentration of DIPEA in dry and deaerated DMF at
298 K (Aexc = 555 nm) and b) Stern-Volmer plot for phosphorescence quenching of 2[PFs]z2 with DIPEA in in dry and
deaerated DMF at 298 K (Ksv = 2.2 m™").
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Figure S53. a) Emission spectra of of 2[PFs]z with increasing concentration of p-toluidine in dry and deaerated CH3CN
at 298 K (Jexc = 546 nm) and b) Stern-Volmer plot for phosphorescence quenching of 2[PFe]z2 with p-toluidine in dry
and deaerated CH3CN at 298 K (Ksv = 93 i),
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Figure S54. a) Emission spectra of of 2[PFs]z with increasing concentration of TMPA in in dry and deaerated DMF at
298 K (Aexc = 555 nm) and b) Stern-Volmer plot for phosphorescence quenching of 2[PFg]z with TMPA in in dry and
deaerated DMF at 298 K (Ksv = 2819 m™).
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Figure S55. a) Emission spectra of of 2[PFs]z with increasing concentration of N-Boc-cysteine methyl ester in in dry
and deaerated CH3CN at 298 K (lexc = 546 nm) and b) Stern-Volmer plot for phosphorescence quenching of 2[PFe]z
with N-Boc-cysteine methyl ester in in dry and deaerated CH3CN at 298 K (Ksv = 0.60 m™").
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Figure $56. Spectral irradiance of the employed light source Asahi Spectra Max-303 Xenon Light Source (300 W).
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Figure S57. Conversion vs. time traces of the sensitized thiol-ene reaction between N-Boc cysteine methyl ester and
allyl alcohol using 2[PFs]z (blue), 3[PFe]z (green) and [Ru(bpy)s][PFslz (black) as sensitizer and p-toluidine as mediator
in acetonitrile (lexc = 56015 nm).
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

Table $1. Cartesian coordinates of DFT optimized geometry of cpmp ('GS)

M2 M2 a2 2O~ adasasscada~NOogdge~Nasacao-Nadd

96

-2.129222000
-2.912723000
-3.417422000
-3.220491000
-2.470421000
-1.884834000
-1.725574000
-3.146396000
-1.269668000
-4.199518000
-1.080023000
-1.948588000
-2.893001000
-4.214145000
-4.640466000
-3.732602000
-2.356226000
-0.897263000
-2.605801000
-4.984036000
-1.633125000
-5.593802000
-6.268908000
-5.707340000
-5.858320000
-3.219470000
-4.502612000
-2.820647000
-1.769095000
-5.432005000
-3.800075000
-6.462053000
-3.527513000
-5.132607000
-5.930491000
-2.177198000

3.161485000
4.023627000
3.584081000
2.350701000
1.519610000
1.882677000
3.475095000
5.019005000
1.176165000
4.449003000
-0.356982000
7.269118000
8.193492000
7.784916000
6.574772000
5.698076000
6.012146000
7.528409000
9.184478000
8.455871000
5.278350000
4.083633000
4.667796000
3.027733000
4.259107000
-0.534500000
-0.309573000
-1.425338000
-1.575698000
-0.977784000
-2.100256000
-0.791423000
-2.789199000
-1.873553000
-2.376937000
0.164633000

-4.261733000
-3.513729000
-2.284910000
-1.827717000
-2.564419000
-3.772799000
-5.215567000
-3.865845000
-4.311869000
-1.485082000
-2.194675000
-0.779719000
-0.323763000
-0.277227000
-0.667715000
-1.120866000
-1.172674000
-0.815412000
-0.000472000

0.088657000
-1.496487000
-1.238704000
-1.868109000
-1.472215000
-0.196729000
-1.181538000
-1.498917000
-0.185140000

0.018199000
-0.815842000

0.531440000
-1.099464000

1.320802000

0.209999000

0.739164000
-1.995820000
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Table S2. Cartesian coordinates of DFT optimized geometry of 22* ('GS).

6
6
6
6
6
7
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
1
1
7
6
8
1
1
4
7
6
8
6
1
1

1.570086000
1.748467000
0.656832000
-0.604198000
-0.714196000
0.352813000
2.728531000
-1.485715000
1.511101000
2.507248000
3.635008000
3.693494000
2.639823000
1.582312000
4.445938000
0.621680000
2.404798000
4.536123000
-2.253814000
-3.336529000
-3.463639000
-2.491945000
-1.458176000
-1.342301000
-4.293404000
-4.049573000
-2.5633108000
-0.699928000
0.944139000
0.834125000
-0.423298000
-1.510522000
-1.331872000
-0.118970000
1.712342000
-2.486936000
1.641565000
2.652795000
3.622993000
3.517401000
2.456330000
1.546250000
4.435488000
0.884077000
2.677521000
4.230315000
-2.382464000
-3.422156000
-3.348061000
-2.218687000
-1.237072000
-1.323998000
-4.147897000
-4.265788000
-2.103565000
-0.347243000
2.664695000
-2.081492000
-3.057378000
0.782759000
-0.549308000
0.116566000
-2.422810000
2.305404000
3.291908000
-3.748437000
-4.191343000
-4.404452000

6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

-2.602123000
-3.988079000
-4.815102000
-4.252698000
-2.873414000
-2.056759000
-4.407224000
-4.861440000
0.995841000
1.164453000
0.352067000
-0.622600000
-0.749330000
0.086117000
0.455606000
1.605874000
1.921169000
-1.294384000
-1.195970000
-1.272076000
-0.326924000
0.659836000
0.693476000
-0.204377000
-0.369190000
-2.075768000
1.408607000
1.459852000
2.827463000
4.206947000
4.771740000
3.947100000
2.561584000
2.013006000
4.813676000
4.368395000
-0.775711000
-0.753153000
0.238742000
1.197942000
1.131703000
0.137154000
0.273277000
-1.544128000
-1.513594000
2.005412000
0.726387000
0.612891000
-0.347381000
-1.158150000
-1.003170000
-0.108161000
-0.440748000
1.283736000
-1.903114000
-1.612711000
-1.751075000
-2.295408000
-2.841872000
-5.889546000
5.846154000
-0.022191000
1.713471000
2.245262000
2.797696000
2.188850000
2.902908000
1.326806000

-0.160146000
-0.146245000
0.036276000
0.197025000
0.211780000
0.051062000
-0.312402000
0.331308000
-2.389047000
-3.323336000
-3.239724000
-2.260925000
-1.351778000
-1.391641000
-3.948881000
-2.409249000
-4.088100000
-2.210655000
1.465738000
2.336672000
3.343387000
3.453669000
2.535121000
1.540256000
4.036162000
2.223680000
4.232728000
2.584296000
0.271426000
0.273267000
0.093399000
-0.122672000
-0.148949000
0.077848000
0.435597000
-0.304676000
2.555537000
3.499065000
3.427670000
2.431908000
1.533918000
1.572122000
4.141118000
2.574809000
4.267428000
2.348569000
-1.383320000
-2.310193000
-3.301936000
-3.379788000
-2.427897000
-1.418589000
-4.025022000
-2.263177000
-4.154215000
-2.443510000
-0.371646000
0.463466000
-0.016714000
0.031497000
0.100408000
0.080374000
-0.389391000
0.544336000
0.093598000
0.029192000
-0.668207000
0.123103000
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

Table S3. Cartesian coordinates of DFT optimized geometry of 22* (3MLCT; spin density at 0.05 a.u.).

-3.655202000
3.983792000
3.8674696000
4.436941000
4.638048000

2.657245000
-2.232818000
-2.715190000
-2.936820000
-1.372244000

1.006084000
0.060636000
1.028985000
-0.640571000
0.178141000

98

1.586066000
1.762784000
0.667583000
-0.604749000
-0.717076000
0.359845000
2.745301000
-1.486632000
1.519044000
2.528303000
3.669306000
3.731114000
2.659718000
1.592375000
4.490000000
0.622662000
2.428865000
4.584428000
-2.285901000
-3.381771000
-3.516708000
-2.539950000
-1.487222000
-1.370197000
-4.359484000
-4.098400000
-2.587473000
-0.721517000
0.979748000
0.830212000
-0.414971000
-1.521047000
-1.331774000
-0.109276000
1.702339000
-2.495610000
1.622601000
2.683533000
3.716512000
3.602832000
2.468310000
1.531264000

-2.583220000
-3.972682000
-4.786758000
-4.220958000
-2.850132000
-2.036752000
-4.398750000
-4.830118000
1.007270000
1.196359000
0.402097000
-0.574587000
-0.729364000
0.088179000
0.523097000
1.605126000
1.956921000
-1.230956000
-1.185215000
-1.259654000
-0.317116000
0.658837000
0.690706000
-0.202918000
-0.356456000
-2.057581000
1.400548000
1.448021000
2.842279000
4.230498000
4.776048000
3.942248000
2.571534000
2.025773000
4.848099000
4.352787000
-0.776016000
-0.857738000
0.083187000
1.088027000
1.163358000
0.173999000

-0.135360000
-0.058389000
0.114456000
0.219264000
0.188725000
0.031963000
-0.183041000
0.348254000
-2.369363000
-3.281183000
-3.179918000
-2.206358000
-1.321390000
-1.378734000
-3.874661000
-2.396697000
-4.042152000
-2.146082000
1.413596000
2.263168000
3.273800000
3.411536000
2.513349000
1.517365000
3.950624000
2.133934000
4.196520000
2.580833000
0.279410000
0.178066000
-0.046806000
-0.206666000
-0.167523000
0.075881000
0.325302000
-0.415752000
2.524833000
3.393172000
3.269177000
2.336591000
1.503094000
1.566957000
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Table S4. Cartesian coordinates of DFT optimized geometry of 22* (3MC; spin density at 0.05 a.u.).

4.582234000
0.817306000
2.712910000
4.3553984000
-2.405291000
-3.465897000
-3.372913000
-2.212624000
-1.217946000
-1.325283000
-4.185118000
-4,334495000
-2.087988000
-0.309575000
2.680233000
-2.094280000
-3.052656000
0.790554000
-0.538802000
0.119044000
-2.429200000
2.304306000
3.312352000
-3.749690000
-4.198535000
-4.405465000
-3.639410000
4.003691000
3.891858000
4.455020000
4.648964000

0.033628000
-1.493762000
-1.643840000

1.855751000

0.731978000

0.584708000
-0.354624000
-1.117868000
-0.944254000
-0.069061000
-0.470093000

1.219201000
-1.844498000
-1.524628000
-1.760030000
-2.272571000
-2.806891000
-5.861094000

5.849597000

0.001700000

1.712575000

2.335869000

3.070617000

2.201102000

2.895764000

1.342836000

2.697250000
-2.245932000
-2.744244000
-2.931476000
-1.382508000

3.917170000
2.569765000
4.134136000
2.237398000
-1.365534000
-2.264850000
-3.272723000
-3.395116000
-2.463475000
-1.437160000
-3.978408000
-2.188079000
-4.184902000
-2.503961000
-0.373529000
0.400680000
-0.117289000
0.142692000
-0.107349000
0.077920000
-0.374643000
0.649501000
0.417922000
0.050451000
-0.661599000
0.176798000
1.010795000
0.057854000
1.016374000
-0.660255000
0.195258000

1.591740000
1.770057000
0.703019000
-0.545738000
-0.667718000
0.381518000
2.739575000
-1.412275000
1.818895000
2.879632000
3.9460339000
3.905979000
2.794197000
1.794243000
4.798788000

-2.648073000
-4.035664000
-4.862297000
-4.296286000
-2.920017000
-2.096282000
-4.454625000
-4.904636000
0.872235000
0.979032000
0.096699000
-0.859960000
-0.897958000
-0.027030000
0.141584000

-0.202235000
-0.168134000
0.109305000
0.338071000
0.308842000
0.053265000
-0.386567000
0.550457000
-2.619616000
-3.497454000
-3.338360000
-2.337186000
-1.487030000
-1.626817000
-4.003656000
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

100

0.964594000
2.874414000
4.712467000
-2.343557000
-3.656778000
-3.876232000
-2.783028000
-1.505455000
-1.287606000
-4.883240000
-4.475616000
-2.912825000
-0.628495000
0.847664000
0.695047000
-0.590698000
-1.660166000
-1.438746000
-0.196758000
1.559871000
-2.655051000
1.878403000
2.947203000
3.848761000
3.626591000
2.512836000
1.664472000
4.701791000
1.162793000
3.065418000
4.287325000
-2.477513000
-3.545737000
-3.4794258000
-2.339537000
-1.330316000
-1.403453000
-4,299503000
-4.402300000
-2.237059000
-0.426876000
2.716180000
-2.068903000
-2.985397000
0.833236000
-0.752331000
0.103536000
-2.512826000
2.244138000
3.166194000
-3.846018000
-4.274432000
-4.503163000
-3.766988000
3.997838000
3.825960000
4.471054000
4.668832000

1.535480000
1.731361000
-1.568922000
-1.340959000
-1.028715000
-0.058173000
0.568845000
0.206594000
-0.731651000
0.214241000
-1.535668000
1.330908000
0.688533000
2.906372000
4.276840000
4.801208000
3.950427000
2.572543000
2.062437000
4.909486000
4.349044000
-0.710476000
-0.644411000
0.406429000
1.373571000
1.258768000
0.215515000
0.477576000
-1.516941000
-1.414067000
2.220158000
0.743107000
0.624432000
-0.310712000
-1.100290000
-0.943438000
-0.066438000
-0.403118000
1.273856000
-1.826472000
-1.530651000
-1.834123000
-2.388030000
-2.916601000
-5.936233000
5.869701000
0.014811000
1.697291000
2.358599000
2.925305000
2.170793000
2.891353000
1.309686000
2.625173000
-2.334470000
-2.778294000
-3.074243000
-1.486549000

-2.682507000
-4.273730000
-2.227982000
1.574750000
1.915527000
2.885832000
3.473523000
3.064491000
2.140242000
3.173516000
1.425680000
4.229858000
3.478377000
0.331025000
0.385814000
0.291587000
0.100154000
0.004835000
0.158560000
0.518035000
-0.016321000
2.490572000
3.367155000
3.256969000
2.287391000
1.462671000
1.539816000
3.918299000
2.540542000
4.117408000
2.170922000
-1.257026000
-2.149718000
-3.165860000
-3.298014000
-2.377565000
-1.351338000
-3.866083000
-2.064201000
-4.091574000
-2.427849000
-0.436791000
0.545478000
-0.057088000
0.126803000
0.342768000
0.119251000
-0.223494000
0.481599000
-0.069833000
0.183360000
-0.515784000
0.259291000
1.166872000
0.084527000
1.061649000
-0.564420000
0.204843000

S44



Table S5. Cartesian coordinates of DFT optimized geometry of 32* ('GS).

B
6
6
6
6
7
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
1
1
7
7
6
1
1
1
6
1
1
1
1
1

1.424306000
1.597366000
0.499131000
-0.741614000
-0.855880000
0.212398000
2.564780000
-1.599460000
1.408078000
2.407828000
3.528694000
3.575040000
2.517114000
1.468016000
4.342970000
0.523349000
2.314315000
4.412176000
-2.279155000
-3.316682000
-3.474038000
-2.572580000
-1.572838000
-1.440544000
-4.273871000
-3.979169000
-2.642254000
-0.846918000
0.874438000
0.784838000
-0.461977000
-1.559828000
-1.402613000
-0.199170000
1.671844000
-2.529011000
1.521800000
2.538168000
3.526033000
3.431025000
2.364071000
1.437561000
4,342786000
0.751879000
2.553132000
4.156506000
-2.472968000
-3.511704000
-3.454380000
-2.343124000
-1.359653000
-1.430206000
-4.253245000
-4.341646000
-2.241314000
-0.482097000
2.527591000
-2.104173000
3.841093000
4.287181000
4.506624000
3.726206000
-3.296670000
-3.583782000
-4.120412000
-3.100375000
0.610018000
-0.572343000

6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

-2.566881000
-3.946103000
-4.761837000
-4.198498000
-2.812237000
-2.011350000
-4.370318000
-4.820830000
1.057944000
1.226626000
0.403929000
-0.580816000
-0.707546000
0.139520000
0.507558000
1.674843000
1.991399000
-1.259867000
-1.243155000
-1.364011000
-0.397042000
0.662315000
0.719328000
-0.189839000
-0.485094000
-2.214716000
1.430165000
1.518008000
2.867585000
4.249782000
4.835118000
4.026739000
2.639169000
2,068660000
4.841396000
4.463134000
-0.757305000
-0.758636000
0.216393000
1.183104000
1.141151000
0.161314000
0.231829000
-1.512784000
-1.524197000
1.979508000
0.827330000
0.734212000
-0.230436000
-1.065954000
-0.924031000
-0.022662000
-0.309908000
1.422486000
-1.818237000
-1.551540000
-1.716862000
-2.213841000
-2.220071000
-2.918506000
-1.369833000
-2.717906000
-2.964161000
-3.745251000
-2.261761000
-3.417798000
-5.837996000
5.911200000

-0.261222000
-0.290281000
-0.076064000
0.172246000
0.202292000
-0.021505000
-0.507019000
0.371259000
-2.457486000
-3.388035000
-3.308585000
-2.339364000
-1.433599000
-1.467183000
-4.014015000
-2.474852000
-4.146034000
-2.293153000
1.446676000
2.377280000
3.352987000
3.410944000
2.465358000
1.476818000
4.076757000
2.344002000
4.168621000
2.472593000
0.214827000
0.226739000
0.045957000
-0.182983000
-0.216050000
0.013418000
0.397108000
-0.368809000
2.477189000
3.415034000
3.345112000
2.356148000
1.462582000
1.497242000
4.054410000
2.495020000
4.178696000
2.274190000
-1.466215000
-2.397502000
-3.386975000
-3.454589000
-2.500568000
-1.499492000
-4.112915000
-2.354400000
-4.224034000
-2.509052000
-0.463731000
0.447455000
-0.040530000
-0.752189000
0.090701000
0.919168000
0.036095000
0.743896000
-0.072694000
-0.932336000
-0.101477000
0.061445000
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

Table S6. Cartesian coordinates of DFT optimized geometry of 32* (3MLCT,; spin density at 0.05 a.u.).

0.006865000
-2.504681000
2.226994000
3.221807000
-3.823881000
-4,257262000
-4.491627000
-3.727968000

0.032135000
1.808712000
2.266625000
2.816060000
2.298991000
3.021713000
1.445043000
2.762193000

0.004820000
-0.464012000

0.485821000

0.046854000
-0.047630000
-0.742801000

0.041316000

0.931542000

2~ OO S A A~ A a2 a0 D
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1.421907000
1.567575000
0.450071000
-0.788723000
-0.883900000
0.207898000
2.529530000
-1.657122000
1.447501000
2.460288000
3.579484000
3.616350000
2.544630000
1.500572000
4.402822000
0.565042000
2.378976000
4.453552000
-2.311070000
-3.4036338000
-3.532411000
-2.554566000
-1.513182000
-1.417114000
-4.370465000
-4.122657000
-2.603825000
-0.730879000
0.883190000
0.725670000
-0.523412000
-1.627796000
-1.430397000
-0.204188000
1.596768000

-2.567610000
-3.948041000
-4.742923000
-4.164867000
-2.779790000
-1.993877000
-4.391284000
-4.776778000
1.061622000
1.238014000
0.413119000
-0.579353000
-0.715553000
0.130027000
0.523456000
1.681115000
2.011120000
-1.257152000
-1.192517000
-1.248096000
-0.286553000
0.698961000
0.706633000
-0.189534000
-0.325811000
-2.047962000
1.449986000
1.447382000
2.887730000
4277272000
4.820063000
3.983116000
2.612330000
2.067093000
4.896729000

-0.253335000
-0.271957000
-0.080445000
0.139253000
0.177445000
-0.025722000
-0.472832000
0.321326000
-2.424863000
-3.337310000
-3.249140000
-2.288898000
-1.400912000
-1.447059000
-3.942729000
-2.443316000
-4.087849000
-2.236712000
1.394055000
2.267555000
3.250379000
3.382389000
2.486995000
1.477931000
3.933683000
2.192125000
4.157712000
2.540169000
0.240548000
0.154128000
-0.051701000
-0.209361000
-0.191122000
0.033973000
0.299265000
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Table S7. Cartesian coordinates of DFT optimized geometry of 32* (3MC; spin density at 0.05 a.u.).

6
6

-2.605847000
1.581611000
2.641053000
3.650750000
3.517369000
2.386537000
1.469255000
4.513600000
0.795472000
2.683856000
4.251625000

-2.508386000

-3.590217000

-3.503520000

-2.331661000

-1.318177000

-1.416102000

-4.329584000

-4.467902000

-2.213657000

-0.399432000
2.534752000

-2.126535000
3.841805000
4.281870000
4.511687000
3.712007000

-3.322728000

-3.626380000

-4.134196000

-3.109624000
0.544928000

-0.652507000

0.020893000

-2.528977000
2.210723000
3.212482000

-3.846813000

-4.311838000

-4.493266000

-3.725715000

1.427243000
1.586889000

6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

4.391533000
-0.757672000
-0.827562000

0.137930000

1.149510000

1.206440000

0.202359000

0.101594000
-1.496770000
-1.624365000

1.936119000

0.773334000

0.601183000
-0.339555000
-1.082374000
-0.885531000
-0.007893000
-0.472467000

1.220791000
-1.809437000
-1.447243000
-1.743341000
-2.173742000
-2.272269000
-2.953588000
-1.431051000
-2.792446000
-2.916766000
-3.682810000
-2.205552000
-3.382531000
-5.820563000

5.893704000

0.042497000

1.757654000

2.386872000

3.134472000

2,235256000

2.923956000

1.371812000

2.732740000

-2.642312000
-4.024572000

-0.405720000
2.435558000
3.309489000
3.206428000
2.283705000
1.442967000
1.493189000
3.859205000
2.466324000
4.038527000
2.196497000

-1.389681000

-2.262422000

-3.268476000

-3.416299000

-2.510434000

-1.486328000

-3.954795000

-2.168644000

-4.206783000

-2.570167000

-0.450686000
0.414621000

-0.028561000

-0.759080000
0.132115000
0.916226000

-0.015467000
0.699743000

-0.149028000

-0.973563000

-0.102221000

-0.099516000

0.016594000

-0.406379000
0.597578000
0.377117000
0.038111000

-0.669346000
0.176771000
0.996030000

-0.289440000
-0.311301000
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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0.499151000
-0.726092000
-0.839045000

0.225437000

2.544646000
-1.580854000

1.484947000

2.636064000

3.8641956000

3.850015000

2.634425000

1.487085000

4.773397000

0.518938000

2.593052000

4.776474000
-2.3620538000
-3.650728000
-3.821436000
-2.721601000
-1.490199000
-1.316983000
-4.810017000
-4.495713000
-2.821020000
-0.600583000

0.831408000

0.723976000
-0.547557000
-1.650283000
-1.476070000
-0.246209000

1.611354000
-2.635100000

1.760004000

2.864617000

3.824583000

3.618140000

2.467605000

1.568436000

4.707349000

1.001228000

2.965873000

4.319074000
-2.598308000
-3.700586000
-3.695478000
-2.579466000
-1.532093000
-1.549201000
-4.543225000
-4.536736000
-2.521105000
-0.641845000

2.567338000
-2.110138000

3.837581000

4.378556000

4.461303000

3.633258000
-3.264861000
-3.719945000
-4.007528000
-2.941838000

0.606028000
-0.672648000

0.004882000

-2.578462000

2.214198000

3.143583000

-4.834717000
-4.258606000
-2.871095000
-2.070305000
-4.454311000
-4,869417000
0.768527000
1.214668000
0.621495000
-0.401882000
-0.806230000
-0.190826000
0.947398000
1.199915000
2.003570000
-0.888525000
-1.303535000
-1.053387000
-0.039001000
0.699203000
0.398102000
-0.556830000
0.172896000
-1.646418000
1.486376000
0.946634000
2.904462000
4.280302000
4.842546000
4.023885000
2.636331000
2.094232000
4.888741000
4.452535000
-0.704308000
-0.690498000
0.300830000
1.270054000
1.209898000
0.214084000
0.326482000
-1.466405000
-1.455113000
2.077950000
0.807981000
0.692066000
-0.277014000
-1.096869000
-0.930288000
-0.025986000
-0.374386000
1.366855000
-1.852134000
-1.535348000
-1.838838000
-2.309428000
-2.352890000
-2.962904000
-1.510869000
-2.946257000
-3.030128000
-3.707053000
-2.304437000
-3.596478000
-5.911539000
5.916933000
0.052101000
1.793512000
2.319764000
2.871421000

-0.041099000
0.240474000
0.244292000

-0.019066000

-0.559586000
0.485527000

-2.685281000

-3.298189000

-2.925204000

-1.993500000

-1.423795000

-1.742129000

-3.369335000

-2.915863000

-4.035683000

-1.736001000
1.396411000
1.891318000
2.819275000
3.257383000
2.717319000
1.785350000
3.205558000
1.582164000
3.991563000
2.999715000
0.161692000
0.178938000
0.111030000

-0.023104000

-0.085405000
0.041048000
0.265686000

-0.118567000
2.349155000
3.182266000
3.020028000
2.049683000
1.269274000
1.386173000
3.644624000
2.437249000
3.940207000
1.897917000

-1.279433000

-2.132250000

-3.118849000

-3.261675000

-2.384642000

-1.382383000

-3.784515000

-2.038147000

-4.032643000

-2.451687000

-0.491317000
0.468425000
0.037504000

-0.689179000
0.330225000
0.923118000
-0.083773000
0.642836000
-0.410451000
-0.950938000

-0.048868000
0.138713000

0.010403000

-0.273676000
0.298227000

-0.258892000
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Table S8. Cartesian coordinates of DFT optimized geometry of 2** (2GS; spin density at 0.01 a.u.).
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-3.882408000
-4.323799000
-4.552960000
-3.752808000

1.655283685
1.721079680
0.624599020
-0.627163413
-0.727062552
0.344446763
1.518272499
2.503424850
3.615759661
3.670805737
2.630270754
1.685572204
-2.242793413
-3.319353196
-3.433596214
-2.454654287
-1.427866800
-1.326930473
0.956608530
0.810668324
-0.418428918
-1.513511492
-1.317955098
-0.113545033
1.655991937
2.673028804
3.639657835
3.506079739
2.418137882
1.637910796
-2.392246298
-3.448598918
-3.361062418
-2.205000103
-1.214304621

6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

2.307395000
3.018405000
1.462579000
2.785723000

-2.597543257
-3.983554254
-4.807558373
-4.237347133
-2.854867866
-2.042041028
1.038990844
1.206281765
0.371015694
-0.619710480
-0.737990591
0.111369056
-1.176450455
-1.244350247
-0.297295483
0.685350685
0.710916825
-0.188149500
2.857034317
4.246615673
4.778082672
3.928138283
2.561396747
2.027519875
-0.819281742
-0.864443845
0.147660561
1.167435921
1.189242786
0.150292689
0.696717941
0.541473741
-0.418418334
-1.189763497
-1.003076643

0.171826000
-0.529398000
0.299946000
1.138404000

-0.184758003
-0.201013270
-0.017739609
0.168925549
0.210328906
0.050099327
-2.349169682
-3.297564323
-3.248940342
-2.284989478
-1.358753605
-1.371378716
1.493319146
2.375088255
3.380196409
3.479769575
2.554527497
1.557418386
0.319479651
0.146239720
-0.165697039
-0.331652845
-0.204993741
0.099077327
2.532655014
3.461350502
3.431852046
2.517839109
1.617095822
1.604253748
-1.366225059
-2.271331942
-3.261844859
-3.361521214
-2.424087422
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

Table $9. Cartesian coordinates of DFT optimized geometry of 23* (2GS; spin density at 0.01 a.u.).

-1.312452713
2.655586593
-2.085992373
-3.074672220
0.118181300
-2.420288459
2.262561888
3.269244873
-3.735289689
3.972082220

-0.111661162
-1.753054686
-2.277720699
-2.833106510
-0.010054897
1.686544515
2.373641484
3.140560608
2.180575927
-2.248055023

-1.413399094
-0.391208569
0.493576320
0.041966931

0.101373956
-0.386368714
0.769278196
0.621285841
0.032332730
0.025151795
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1.557544860
1.729238006
0.634777215
-0.623176062
-0.724905096
0.347147155
1.504495899
2.509577065
3.648202460
3.707565034
2.637219380
1.571228325
-2.242034044
-3.309528491
-3.431507022
-2.478158283
-1.461244126
-1.345617309
0.935862136
0.826452094
-0.431245061
-1.517802061
-1.337890263
-0.128018031
1.650966341
2.648518373
3.593295029
3.483748459
2.435576389

-2.620600039
-4.007899053
-4.826180121
-4.257983458
-2.881424097
-2.074058897
1.012692852
1.200987875
0.398220168
-0.590250124
-0.761293970
0.075272818
-1.188856958
-1.257161099
-0.291241166
0.714784052
0.748337065
-0.181017778
2.839447112
4.215761464
4.779489225
3.957503387
2.571641089
2.028540129
-0.821225939
-0.792560937
0.223466260
1.201496544
1.136551020

-0.181142135
-0.171583077
0.015661001
0.193377771
0.213192813
0.037228149
-2.373608146
-3.284511108
-3.189295187
-2.228834247
-1.346108915
-1.392088068
1.487294992
2.371132126
3.361574132
3.439059440
2.503199950
1.538491304
0.263463064
0.258155946
0.064055848
-0.151566948
-0.172420765
0.058504249
2.517781958
3.474457165
3.431636142
2.451808372
1.544946208
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Table S10. Cartesian coordinates of DFT optimized geometry of 3** (2GS; spin density at 0.01 a.u.).
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1.546291906
-2.389323123
-3.443468016
-3.360526361
-2.217465932
-1.230642968
-1.319147863

2.659174415
-2.085529343
-3.068699396

0.112776139
-2.430984189

2.293243055

3.283606215
-3.760578540

3.979994478

1.415226872
1.582390261
0.484462301
-0.751403118
-0.859800315
0.207923795
1.415851301
2.404787269
3.509393447
3.551096318
2.506932237
1.470127953
-2.269257038
-3.292398495
-3.443724137
-2.549488142
-1.561841250
-1.436169062
0.883106868
0.758385083
-0.461850028
-1.567470108
-1.392528872

0.121319176
0.724784973
0.565811132
-0.401703212
-1.199143163
-1.026174171
-0.106473108
-1.779078036
-2.297133037
-2.826253135
-0.022877920
1.725989387
2.257345258
2.796830351
2.211678320
-2.283450101

-2.562458277
-3.943093361
-4.758448608
-4.191107096
-2.803813374
-2.002654365
1.101464981
1.267373161
0.421419827
-0.578001788
-0.694728235
0.165804991
-1.239014023
-1.369957346
-0.404928018
0.661040282
0.725264937
-0.182029036
2.896160096
4.290382335
4.845415185
4.013350108
2.641020989

1.564545875
-1.379234352
-2.283068035
-3.262361336
-3.350164012
-2.416365138
-1.419963009
-0.397489903

0.485623845

0.012993947

0.059257798
-0.414148932

0.555326014
0.110242967
-0.001714005

0.021922755

-0.278060948
-0.321765168
-0.103660002
0.159786129
0.199562266
-0.024745916
-2.416929241
-3.361939264
-3.317617495
-2.361779976
-1.438533955
-1.444954992
1.469146330
2.414371199
3.393947080
3.438640332
2.479712418
1.489167222
0.265505159
0.112089267
-0.194792791
-0.376854107
-0.266767247

. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes
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Table S11. Cartesian coordinates of DFT optimized geometry of 3** (2GS; spin density at 0.01 a.u.).

108

-0.198901853
1.529197364
2.552652093
3.542549047
3.422648066
2.325217003
1.423736042

-2.481354455

-3.631958094

-3.459478273

-2.323222005

-1.334278099

-1.417948960
2.520638457

-2.105387249
3.833020260

-3.303144497

0.005142015

-2.505333063
2.184136232
3.203239007

-3.815925189

1.428239341
1.577469971
0.460231274
-0.781214848
-0.881078003
0.210543223
1.436163241
2.450310271
3.579003539
3.623510520
2.549783952
1.498242082
-2.316916329
-3.428225065
-3.558175122
-2.565081408
-1.508966918

2.084811250
-0.797890810
-0.867839046

0121727172

1.146943003

1.196997350

0.174446984

0.806027969

0.680478021
-0.279803000
-1.080081987
-0.914097076
-0.020867046
-1.718027386
-2.204560357
-2.222035906
-2.948345969

0.042663857

1.784393092

2.387690082

3.142419079

2.289874313

-2.570933050
-3.948640197
-4.747075531
-4.173256360
-2.788728118
-2.000158294
1.018506922
1.185468165
0.375965089
-0.597793017
-0.730439232
0.108403018
-1.194033957
-1.225504128
-0.259433909
0.710162218
0.700097796

0.036161856
2.457649960
3.378489283
3.341051051
2.431335034
1.541669013
1.531121981
-1.459662944
-2.376388443
-3.369343512
-3.456064022
-2.510372418
-1.503354993
-0.480890883
0.461716146
-0.063980175
0.059547787
0.022040232
-0.464401191
0.703805212
0.554941831
-0.051585257

-0.245554119
-0.261169081
-0.074483815
0.136376915
0.173589188
-0.023835202
-2.471161972
-3.382509442
-3.270455102
-2.291282983
-1.407250054
-1.471124923
1.366238288
2.218068135
3.194696499
3.344378517
2.468947365
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-1.409068307
0.860034211
0.738862146

-0.535046883

-1.623869290

-1.437885184

-0.210427862
1.600965970
2.639478967
3.615676051
3.495156462
2.412560354
1.494583880

-2.488758174

-3.552940501

-3.473744363

-2.323510407

-1.321448255

-1.412649250
2.538408229

-2.126072258
3.845338448

-3.318924033

0.022920783

-2.5625553455
2.235221416
3.198036137
-3.857108408

6. Green-Light Activation of Push—Pull Ruthenium(ll) Complexes

-0.200340156
2.867977174
4.236036361
4.799078308
3.985915443
2.602231239
2.055060376

-0.727138224

-0.714704147
0.266385181
1.229604193
1.173189136
0.189383012
0.785121234
0.644543181
-0.303242906
-1.083661871
-0.910788189
-0.021969852

-1.736747031
-2.185567127

-2.258726940
-2.935353080

0.024588221
1.780007271
2.285172044
2.829064125
2.245341931

1.461129294
0.211421128
0.288295236
0.187924071
-0.027008148
-0.149647093
0.013701987
2.451354338
3.366120294
3.266425417
2.273871993
1.406094860
1.475032897
-1.410487032
-2.306866195
-3.306891072
-3.423344463
-2.501471128
-1.483781256
-0.435528222
0.403484952
-0.000665176
-0.030138232
-0.001209170
-0.428353108
0.418289215
-0.079306207
0.003446002
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The push-pull iron(ll) complexes [Fe(cpmp).]** (cpmp: 6,2”-carboxylpyridyl-2,2’-
methylaminepyridyl-pyridine) and [Fe(cpmp)(ddpd)]** (ddpd: N,N’-dimethyl-N,N’-dipyridin-2-
ylpyridine-2,6-diamine) bearing the asymmetric cpmp ligand were synthesized. As a result of
the asymmetric push-pull design the MLCT states are stabilized compared to
[Fe(dcpp)(ddpd)]?*. However this stabilization is too weak to enable sufficiently long-living
MLCT states for photochemical applications.
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Abstract

Synthesis, characterization, electrochemistry, and photophysics of homo- and heteroleptic
iron(ll) complexes [Fe(cpmp)z?* (12*) and [Fe(cpmp)(ddpd)]?* (2** ) bearing the tridentate
ligands 6,2"-carboxypyridyl-2,2’-methylamine-pyridyl-pyridine (cpmp) and N,N'-dimethyl-N,N'-
di-pyridin-2-ylpyridine-2,6-diamine (ddpd) are reported. The complexes possess one (22*) or
two (1?*) electron-deficient dipyridyl ketone fragments as electron-accepting sites enabling
intraligand charge transfer (ILCT), ligand-to-ligand charge transfer (LL'CT) and low-energy
metal-to-ligand charge transfer (MLCT) absorptions. The latter peak around 610 nm.

This study highlights the influence of the excited-state energies and geometries for the actual
excited-state dynamics including theoretical investigations using Surface Hopping including
Arbitrary Couplings (SHARC).
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Introduction

Emissive ruthenium(ll) complexes like [Ru(bpy)s]** (bpy: 2,2'-bipyridine) are used as light
harvesters in dye sensitized solar cells (DSSC), in light emitting electrochemical cells (LECs)
and as photo catalysts.!"-""! It would be favorable to replace the expensive ruthenium by the
earth abundant homologue iron. Unfortunately, the ligand field splitting in 3d metals like iron is
generally significantly smaller than in homologous 4d metals. While ruthenium(ll) complexes
usually show phosphorescence from triplet metal-to-ligand charge transfer states (*MLCT), in
iron(Il) complexes non-emissive metal centered states (**MC) are the lowest excited states.['?
This results in ultrafast inner conversion from 3MLCT to *MC state followed by intersystem
crossing to SMC state and relaxation to the ground state which inhibits luminescence.l'>" To
increase the MLCT lifetime there are several concepts.'¥ Warnmark et al. used a s-donating
bidentate five-membered ring chelate NHC ligand to yield a *MLCT lifetime of 528 ps.["® For
ruthenium(ll) complexes cyclometallation has been successfully used to increase the quantum
yield (9.4 107® for [Ru(dpb)(tpy)]* (dpb: 1,2’,5,2"-dipyridylbenzene) and 1.4 107° for the
cyclometallated push-pull complex [Ru(dpb-COOEt)(tpy-NHCOMe)]*, compared to <5 107° for
[Ru(tpy)2]?*, all measured in acetonitrile at 298 K).l'"-19] The same strategy has been tried for
the iron(ll) complex [Fe(pbp)(tpy)]* (pbp: 6-phenyl-2,2’-bipyridine), resulting in a non-emissive
iron(ll) complex.20-22

Another strategy is to use highly symmetric complexes with a coordination of the iron center
close to ideal octahedral geometry, i.e. N-Fe-N trans angles next to 180°. Here the ligand field
splitting is maximized.?*2¥ For example [Fe(dcpp)2]?* (dcpp: 2,6-bis(2-carboxypyridy!)pyridine)
with carbonyl bridged pyridine rings shows a N-Fe-N trans angle of 178.3° compared to 161.1°
in [Fe(tpy)2]?*.*>?] This concept can be combined with push-pull systems like i.e.
[Fe(dcpp)(ddpd)]?* where the electron rich ddpd ligand (ddpd: N,N'-dimethyl-N,N'-dipyridin-2-
ylpyridine-2,6-diamine) destabilizes metal centered states while the n-acceptor dcpp stabilizes
charge transfer states.””! Yet, To the best of our knowledge there is up to now no emissive
mononuclear iron(ll) complex known.

The tridentate ligand 6,2”-carboxylpyridyl-2,2’ -methylamine-pyridyl-pyridine (cpmp) combines
the concept of lager biting angles with a donor-acceptor-system.?® The push-pull effect will be
further increased by the combination of ddpd as donor and cpmp ligand with one single
acceptor site. These systems offer not only MLCT transitions but also the possibility of ligand-
to-ligand charge transfer (LL'CT) and intra-ligand charge transfer (ILCT) excited states. Such
LL'CT states have been also found in cyclometallated ruthenium(ll) complexes where the
quantum yield is reduced by forbidden LL'CT transitions due to the orthogonality of L and
L’.223% The angle between the central pyridine rings of tridentate six-membered ring chelate
ligands is about 30° for iron(ll) complexesB' in principle allowing LL'CT transitions on
symmetry arguments in contrast to five-membered ring chelate complexes.

We report the synthesis, structure, electrochemical and photophysical properties of the novel
homoleptic  [Fe(cpmp)z][PFe]l2  (1[PF¢]2) and heteroleptic iron(ll) complex
[Fe(cpmp)(ddpd)][PFs]z (2[PFe]z). The optical properties are supported by DFT- and TDDFT-
calculations as well as molecular dynamics calculations.
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Results and Discussion

Syntheses and geometrical structure

While the homoleptic complex [Fe(cpmp)z]** (1?*) is the only product of the reaction of
Fe[BF4]2 x 6 H20 with the ligand cpmp and can be purified by crystallization, the heteroleptic
complex [Fe(cpmp)(ddpd)]?* (22*) is not the only product of the reaction of Fe[OTf]. with one
equivalent of each ligand. The green complex is formed within seconds in acetonitrile. Yet, the
yellow homoleptic complex [Fe(ddpd)z]** formed, too. It can be removed by column
chromatography. Because of fast ligand exchange resulting in formation of significant amounts
of both homoleptic complexes, time consuming analytic in solution is not possible for 22*.

Fe[BF4]> x 6 H,O + 2 cpmp Fe(OTf), + cpmp + ddpd
1. CH5CN

2. SIOQ!CH3CN;’KNO:}(3Q} 8:1
3. NH][PFgl/H,0

1. CH4CN
2. [NH,][PFJ/H,0

— — 2+ — — 2+

[PFsT, [PF&l2

1[PF¢l, 2[PF¢l2
Scheme 1: Synthesis scheme for the synthesis of 1[PFs] and 2[PFs]..

The compositions of 1[PFe]z and 2[PFe¢]: are confirmed by high resolution ESI mass
spectrometry (Supporting Information Fig. S14 and S15) and elemental analysis as well as
multinuclear and correlation NMR spectroscopy, showing only a single set of 'H and *C NMR
resonances (Supporting Information Fig. $1-S13).

The sharp NMR resonances indicate low-spin d® electron configuration. The meridional
coordination is confirmed by single crystal X-ray diffraction (Fig. 1 and Fig. 2). The unit cell of
each complex contains two independent dications 1A%*, 1B#* and 2A%, 2B%*, respectively
(Table 1). Additionally, the geometries were calculated by DFT methods (CPCM(acetonitrile)-
B3LYP-D3BJ-ZORA/def2-TZVP). The coordination geometry is nearly perfect octahedral for
both complexes. The Fe-N bond lengths for the central pyridine rings of 1.95 to 1.96 A for 12*
and 1.95to 1.97 A for 2%* are slightly shorter than for the terminal pyridine rings of 1.98 to 2.02
A and 1.98 to 2.00 A, respectively, as typically observed for [M(ddpd)2]?*, [M(dcpp)2]** or
[M(dcpp)(ddpd)]?* complexes.[2527:31-33]

The N-Fe-N bond angles are very close to 90° for the dipyridyl ketone moieties and slightly
smaller for the methylamine moieties of the cpmp and ddpd ligands. The high local [FeNg]
symmetry is confirmed by the shape parameter S(OC-6)*¥ quantifying the deviation from an
ideal octahedron close to zero (Table 1) as expected for a metal ion with low-spin d® electron
configuration. The degree of planarization PL = 100x(Z(X-N-Y)-3x109.5°)/[3x109.5°]) of 96 to
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98 % for the dipyridyl ketone moieties and 87 to 92 % for the methyl amine moieties correlates
inversely to the steric strain of bridging groups.

In the solid state, the second coordination sphere of both complexes is formed by
hexafluorophosphate ions, co-crystallized acetonitrile and the carbonyl group of a neighboring
complex with closest contacts of Fe:-:[F(PFs)], Fe:-*N(CCHs) and Fe---O ranging from 4.33 to
5.00 A (1A%*), 4.56 to 4.87 A (1B?*) and 4.37 to 6.05 A (2A?*), 4.24 to 5.29 A (2B?").

a)

Figure 1: Molecular structure of a) 1A2* and b) 1B?*

(determined by XRD, at 50 % probability
ellipsoids. Hydrogen atoms omitted for clarity).

Figure 2: Molecular structure of a) 2A?* and b) 2B?*
(determined by XRD, at 50 % probability
ellipsoids. Hydrogen atoms omitted for clarity).

Table 1: Fe-N Bond lengths (A), angles (°), planarization values (PL),? shape parameters (S(OC-6)"! and
distance between iron center and second coordination sphere of 12* and 22*. DFT: Orca 4.1: CPCM(acetonitrile)-
RIJCOSX-B3LYP-D3BJ-ZORA/def2-TZVP.

12* (DFT) 1A 182 22 (DFT)  2A% (Fe2)  2B* (Fef)
Fel-N1 200877 2.001(6)  1979(5) 20118  1993(4)  1.995(4)
Fe1-N2 197822  1959(6)  1947(6)  1.97231  1.955(4)  1.949(4)
Fe1-N3 1.99704 1.998(6) 1.975(6) 2.00214 1.982(4) 1.966(4)
Fe1-N4 2.00449 1.971(6) 1.982(6) 2.00331 1.983(4) 1.978(4)
Fel-NS 197612  1.950(6)  1952(6) 197996  1953(4)  1.967(4)
Fe1-N6 200153  1.981(6)  2015(6) 200165  1.988(4)  1.984(4)
NA-Fe1-N2 87.882 88.2(2)  87.6(2)  87.627  8821(18)  87.92(16)
N2-Fe1-N3 90.523 90.2(2)  90.8(2)  90.852  90.33(17)  90.49(15)
N4-Fe1-N5 90.38 89.9(2) 90.5(2) 88.835 88.20(16) 88.74(16)
N5-Fe1-N6 87.62 89.3(3)  87.9(2) 88784  89.05(16)  88.31(16)
PL(N7)@ 87.8 90.2 88.9 91.0 88.3 91.7
PL(C9)@ 98.0 95.9 98.4 97.9 95.6 97.5
PL(C10)e 97.7 971 97.1 - - -
PL(N8)® 90.3 87.3 88.9 87.8 88.3 89.2
PL(N)® ; - ; 87.8 88.6 89.2
S(OC-6)"! 0.04241 0.04489 0.04302 0.05584 0.05214 0.05694
Fe1-F1 - 4.33 483 - 4.368 4414
Fe1---F2 - 473 4.87 - 6.047 4.243
Fe1-N1chacn) - 5.00 - - 5.079 5.288
Fe1-*O1 neighboring molecule) - 4.759 4583 - 4784 4617
Fe1-+:O2neighboring molecule) - - 5.56 - N

[a] PL=PL/% =100 x {[Z (X - N - Y)] - 3 x 109.5°)/[3 x 120.0° - 3 x 109.5°]} [b] Continuo

us shape measure!*!

The characteristic PF stretching vibration around 830 cm™ in the IR spectra of 1[PFs]. and
2[PFg]2 (Supporting Information, Fig. S16 and S17) indicates the successful counter ion
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exchange which is also consistent with the 3'P NMR spectra of 1[PFe]z and 2[PFg]; showing
the typical septet of [PFs]” (Supporting Information, Fig. S6 and S13).

The IR absorption band of the C=0 stretching vibration of the cpmp ligand is slightly shifted to
lower energies (1669 and 1672 cm™', respectively) in the dicationic complexes compared to
the free ligand (1679 cm™) suggesting n back-donation of iron(ll) into the =*(CO) orbitals. The
homoleptic complex 12* shows only a single CO stretching vibration indicating no coupling of
the two CO oscillators.

Table 2: IR bands of the C=0, P-F and PF2 vibrations of cpmp, 12* and 22* in the solid state (KBr).

viem™!
c=0 P-F PF. N-O
cpmpl?® 1679 - - -
12 1669 833 559 -
1% 1694 - - 816, 834, 1427
2z 1672 831 555 -
Electrochemistry

Both complexes 1[PFs]z and 2[PFs]z are reversibly oxidized at +0.79 and +0.55 V vs.
ferrocene, respectively, in their cyclic voltammograms (Fig. 3). The oxidation potential of 12* is
higher by 0.23 V due to the electron withdrawing effect of two carbonyl groups instead of a
single one in 2%*. The even higher oxidation potential of [Fe(dcpp)2]** (+1.29 V vs. ferrocene)
with four CO groups is consistent with this trend.?®%¥ The Fe'" oxidation of 12* is perfectly
reversible on the timescale of IR spectroelectrochemistry (Supporting Information Fig. S33).
The CO stretching band of the Fe'" complex is shifted to higher energy by 18 cm™, suggesting
a much weaker n backbonding in the iron(lll) complex than in the dication.

EIV
Figure 3: Cyclic voltammograms of 1[PFe]z (blue) and 2[PFe]2 (green), 1 mm in acetonitrile, 0.1 m ["BuaN][PFs].

The homoleptic complex 12* exhibits two reversible reduction waves at —1.28 and —1.46 V that
are assigned to the reduction of the individual cpmp ligands. The reduction wave of the single
cpmp ligand in 22* appears at —1.36 V. The second reduction of the same carbonyl group
appears at =2.03 V. The 1%*/2?* to 1**/2"* reduction is reversible, at least on the timescale of
the CV experiments. Spectroelectrochemical reduction of 12* shows a partial decrease of the
CO stretching mode due to the reduction of a single CO group (Supporting Information, Fig.
S34). This band for the monocation is likely shifted to the fingerprint region due to the additional
electron localized on the CO group. The increase of the calculated C-O bond length from 1.215
to 1.271 A on the respective reduced ligand due to reduction supports this.

Xes
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Table 3: Electrochemical properties of cpmp, 2[PFs]2 and 3[PFs]z. E1z in V vs. FcH/FcH*.

reduction oxidation

cpmp!8 -1.99 -1.99 +0.97
12 -1.46 -1.28 +0.78
22 =2.03 =-1.36 +0.55
[Fe(bpy)s]* -1-78 +0.66
[Fe(tpy)a]*** -1-68 +0.71
[Fe(dcpp).]** ¥ =1.81 -1.53 =-1.21 =0.81 +1.29

[Fe(ddpd),]**1* -2.33 +0.33 +1.63
[Fe(dcpp)(ddpd)]>1*3! -2.22 -1.60 -1.21 +0.84

Photophysical properties

UV/Vis/INIR absorption spectra of 1[PFs]. and 2[PFs]> measured in acetonitrile at room
temperature are shown in Fig. 4 (Supporting Information, Fig. S20 for complete spectra). The
band at 270 nm with a shoulder at 300 nm in the absorption spectrum of 1[PFs]z is mainly
assigned to ligand centered nn* transitions according to TD-DFT calculations. For 2[PFg]2
these bands occur at 276 and 325 nm, respectively, and can be assigned to ligand centered
nn” and LL’CT transitions according to TD-DFT calculations.

The 350 nm band for 1[PFe]2 can be mainly assigned to MLCT transitions while the shoulder
at 410 nm is caused by ILCT/LC and LL'CT transitions with MLCT contribution. 2[PFe]2 shows
this MLCT band with ILCT/LC and LL'CT admixes at 365 nm with a MLCT shoulder at 420 nm.
The characteristic low-energy '"MLCT band of 1[PFg]2 and 2[PFe]. appears at 609 and 616 nm,
respectively. The extinction coefficient of 12* is nearly twice intense as for 22* due to two
acceptor sites instead of one, namely the carbonyl groups of the cpmp ligands. The even
higher extinction coefficient of [Fe(dcpp):]?* fits to this trend as well as the lower absorption
energy with 606 nm due to the lack of donor groups.2533

Table 4: Absorption data of 1[PFs]z, 2[PFe]z and similar complexes in acetonitrile at 298 K.

complex Aas (MLCT) / nm () /
L mol~' cm™
1[PFel2 609 (3960)
2[PFql 616 (2249)
[Fe(bpy)s]** 5200431
[Fe(tpy)]** 5601
[Fe(dcpp)]** 606 (7380)1%
[Fe(ddpd).]?* 395 (4570
[Fe(dcpp)(ddpd)]** 592 (4035)3

&/ Lmol'em™

10000

5000

900 1000

Al nm

Figure 4: UV/Vis spectra of 12* (blue) and 22* (red) in acetonitrile at 298 K.

Oxidative UV/Vis spectroelectrochemical investigations of 12* in acetonitrile containing 0.1 m
["NBu4][PFs] confirm the reversibility of the Fe'""! oxidation on this longer time scale (Fig. 5a).
The MLCT band bleaches while a LMCT band at 962 nm arises resulting in an isosbestic point
at 710 nm. The spectroelectrochemical reduction is not reversible on this time scale. Apart
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from the MLCT bleach, no spectral changes in the visible spectral region occur (Fig. 5b).
Chemical oxidation with [NHs]2[Ce(NQOs)e] yields an orange solid. Its absorption spectrum in
acetonitrile fits to the spectrum of the electrochemically oxidized complex (Fig. 5a). During
these time consuming experiments the ligand exchange processes in the solution of 22* would
lead to changing sample compositions. Therefore these and the following methods are mainly
focused on 12*.

a) B) s/l mer em™

40000

slLmol em™
40000 -

30000 4] | 30000
20000

20000

10000 4 10000

T T d T T T T S e
800 1000 1200 1400 400 600 800 1000 1200 1400

Alnm Alnm

Figure 5: UV/Vis/NIR spectra during electrochemical oxidation of 12* to 13* in acetonitrile with 0.1 m ["NBuas][PFe]
at 298 K; red spectrum corresponding to chemically oxidized complex using [NH4]2[Ce(NOs)s] b) corresponding
spectra during the electrochemical reduction of 12* to 1*.

The EPR spectrum (X-band, 77 K, PrCN glass, Fig. 6) of this chemically oxidized complex 13*
confirms the low-spin configurations of the iron(lll) center. Two independent species are visible
that could be assigned to the two isomers with identical structure and a switch in CO and N-Me
bridges, resulting in two sets of g values g1 = 2.74530, go,1 = 2.66579, g12 = 2.23901, go2 =
2.23892, g3 = 1.67583, g3 = 1.60628 that cannot be assigned to the different species due to
the lack of resolved hyperfine coupling. The anisotropy therefor is in a range from 0.98996 to
1.13902. The nearly identical gz values indicate a difference of anisotropy in only two directions
which is in agreement with the four bridging groups that cannot evolve a three dimensional
anisotropy. Both anisotropy values are higher than for [Fe(ddpd)]** (Ag = g1—¢gs = 0.675 (g1 =
2.490, g» = 2.296, g5 = 1.815) but lower than for [Fe(dcpp)(ddpd)]** (Ag = gi—gs = 1.26 (g1 =
2.821, g» = 2.247, g5 = 1.561).2% This indicates a higher symmetry for a complex containing
two asymmetric cpmp ligands compared to [Fe(dcpp)(ddpd)]®* with two different symmetric
ligands, which is also represented by the space groups of the respective iron(Il) complexes, /a
for 12* and Pbca for [Fe(dcpp)(ddpd))?*.2¥

a) b)

exp g=2.0075

g,=167583
g, =160628

r T T T T T 1 r T T T T T T T 1
4.5 4.0 35 3.0 25 2.0 15 3.0 2.8 26 24 22 2.0 1.8 1.8 1.4
g

g, =2.74530
g,,=2.66579

g,,=2.23901
g,,=2.23892

Figure 6: EPR spectrum of a) 13* oxidized with ammonium ceric(1V) nitrate in frozen butyronitrile at 77 K (black)
and simulation (red) and b) 1* reduced by decamethylcobaltocenium in frozen acetonitrile at 77 K.

The ligand centered reduction is further confirmed by the EPR spectrum of 1* in frozen
acetonitrile showing a g value of 2.0075 indicating no interaction to a metal.
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CtC X-ray emission spectroscopy shows the mainline maximum of 12* at 7057.9 eV, blue
shifted in the oxidized complex 13* to 7058.1 eV. The low-energy satellite is not separated from
the mainline. The intensity ratio between satellite and mainline is small for both complexes.
Therefore, CtC-XES clearly confirms a low-spin ground state for both investigated complexes
1[PFs]z (Ms = 1) and 1[NOs]s (Ms = 3). HERFD-XANES shows the edge-position of 13* blue
shifted by about 1.3 eV in relation to 1?*, due to the decreasing Fe 3d occupation of 1** (3d°)
in relation to 12* (3d°). The pre-edge of 12* exhibits two features, a low-energy shoulder around
7113.3 eV and a main feature around 7114.8 eV. While the Fe" complex 1%* exhibits overall
four pre-edge features, two weak low-energy peaks at 7111.9 eV and 7113.7 eV and a broad
intense peak at 7116.8 eV with a low-energy shoulder around 7115.4 eV.

a) U - X by 1o

i [Fe(epmp),|[PFg), Exp.:

© 1——[Fe(epmp), ][ P ,_:_.|,‘\{J‘| 1.4 [Feicpmp). |[PF],[NO;]
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Figure 7: a) Experimental CtC-XES spectra of 1[PFs]2 and 2[PFe]2[NOs]. b) experimental HERFD-XANES spectra
of 1[PFs]z and 2[NOs]s.

To understand the quantum mechanical origin of experimental observed HERFD-XANES
features, TD-DFT XANES calculations applying the TPSSh functional with an adjusted
Hartree-Fock exchange of 12.5 % were performed.® Theoretical spectra are compared to the
experimental, an excellent agreement between experiment and theory is obtained and
therefore further information of underlying transitions will be extracted. The low energy
shoulder A of 1?* is caused by a superposition of Fe 1s — eg* (low-energy slope) and Fe 1s —
LUMO / LUMO+1 (high energy slope) transitions (predominant acceptor orbitals are shown in
Fig. 9a), while feature B is solely evoked by Fe 1s — ligand =* transitions. In the oxidized
complex 1%, an additional low-energy feature A’ appears which is caused by a single transition
of the Fe 1s to the singly occupied Fe 3d,; orbital (predominant acceptor orbitals are shown in
Fig. 9b). The second pre-edge feature A of 13" is caused by Fe 1s — e4* transitions, while main
feature B is caused by Fe 1s — ligand = * transitions. Low-energy shoulder B’ is evoked by Fe
1s — LUMO / LUMO+1 (a, p) transitions.
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Figure 8: a) Experimental Fe K-edge HERFD-XANES spectra of 1[PFs]2 and 1[NOzs]s in comparison to theoretical
Fe K-edge XANES spectra (bottom); b) Molecular levels of 12* and 13*.

a) 15 b) 07
- 2 1
144 [Fe(epmp),]” [Fe(epmp),) )
) =
1.34 0.6 Y C
1.2 . ’l‘* A 4 D
114 0.5 - g e i’
1.0 w2 Y i
& . <
= 023 = 044 f '; L B
s 08 = ol (X 5 ety
£ 07 £ {jr“\ {_‘ .
S 06 S 034 Sl YA
.
0.4+ 024 Sein ‘\Z
034 % 2 A
0.2 0.14 § \A
0.1 4 B ]
0.0 - - - : - - - : 0.0 - : - Lt
700 7UIL 7HE2 T3 M4 THIS Tle THT IS 710 7110 T2 703 714 THIS TI6 ML 718
energy / eV energy / eV

Figure 9: Comparison of theoretical Fe K-edge XANES spectra of a) 12* and b) 13* (predominant acceptor orbitals
are shown).

Both iron(ll) complexes are non-emissive in acetonitrile at room temperature and in frozen
butyronitrile solution at 77 K, as well as 13*.

The excited state lifetime of 12* was estimated by UV/Vis transient absorption spectroscopy
upon MLCT excitation (620 nm, Fig. 10). Apart from the ground state bleach there is no band
arising. A single exponential ground state recovery was found to occur with a time constant of
548 ps. Since metal centered states show no characteristic excited state absorption bands this
lifetime can be assigned to either the *MC or SMC state. A similar time constant for a single-
exponential decay of 495 ps was estimated via IR transient spectroscopy upon excitation at
610 nm (Fig. S18). These findings mean that the intersystem crossing from '"MLCT to *MLCT
and relaxation into the ¥*MC state occur within less 50 fs. The time constant for ground state
recovery is similar to the excited state lifetime found for [Fe(dcpp)(ddpd)]** (548 ps) and
[Fe(dcpp)2]?* (280 ps) .53 For the latter an excited state decay following the '"MLCT = 3MLCT
- 3MC - SMC - 'GS scheme was found by ultra-fast time resolved spectroscopy as known
for than for [Fe(bpy)s]** and [Fe(tpy)z]**.B"
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Figure 10: a) UV/Vis transient absorption spectra of 1[PFs]z in CH3CN after optical excitation at 620 nm at the
specified delay times and b) amplitude spectrum 1[PFe]2 compared to the scaled bleach (negative ground state
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Figure 11: Time traces of transient absorption of 1[PFs]2 for 425 nm (black), 525 nm (red) and 600 nm (blue)

detection wavelength.

The calculated energy diagrams with ground and excited state parabola (calculated with
average of the six Fe-N bond lengths as reaction coordinate, Fig. 12) reveal the SMC state as
lowest excited state for both, 12* and 2%* supporting a relaxation pathway including this state.
In this two-dimensional representation of the involved potentials a direct *MC - 'GS relaxation

seems likely. However this needs a minimum energy crossing point in the multidimensional
reality that could not be found.
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Figure 12: Calculated energy scheme of a) 12* and b) 22* with average Fe-N bond length (black: 'GS, blue:
IMLCT (calculated from absorption data), green: IMLCT, orange: 3MC, red: SMC: crosses for fully optimized
minimum energies, filled diamonds for energies at different fixed Fe-N distances; Orca 4.1: CPCM(acetonitrile)-
RIJCOSX-B3LYP-D3BJ-ZORA/def2-TZVP).

To simulate the excited state dynamics a linear vibronic coupling model was parametrized and
used for surface hopping molecular dynamics. This allows for efficient treatment of large
transition metal complexes.*®39 Single-point TDDFT calculations (Fig. S22 and S25) showed
a considerably better description of the absorption spectrum with the tuned LC-BLYP (a = 0,
@= 0.14) functional compared to B3LYP. Because the calculated LC-BLYP absorption
spectrum did not drastically depend on CPCM(acetonitrile) solvation, calculations in gas phase
were practicable.

The excited states were characterized by wave function analysis. The system was split into
metal center, ligand 1 and ligand 2, as customary for metal complexes. The CT characters for
first 10 Singlet and 20 Triplet states can be seen in Fig. 13. These states describe a bit more
than the lowest-energy band of the absorption spectrum. The analysis of the diabatic
populations in the molecular dynamics is based on this characterization. Every excited state is
named and assigned a character based on the Franck Condon geometry characterization.
Therefore, it is important to note that further designations of the excited states, e.g. “T1”,
designate the excited state in the ground state geometry. It does not necessarily mean that the
“T1” sate is actually the energetically lowest Triplet state throughout the dynamics.
1 [ LLCT
LC m—
LMCT

| MLCT s

08 1 MC —
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Figure 13: Charge transfer characterisation of the excited states of 12*, ORCA 4.1: RIJCOSX-LC-BLYP (« = 0;
@ = 0.14)-D3BJ-ZORA/def2-TZVP. MC (red), MLCT (green), LMCT (blue), LC (orange), average LLCT (purple).
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Fig. 14 shows the evolution of the diabatic populations after 1500 fs. It can be seen that there
is fast population transfer from the initial Singlet states to Triplet states. No relaxation back to
the ground state happens in any of the trajectories. Therefore, the ground state has been
omitted from all figures. A simple kinetic model was used to fit a time constant for the ISC. It
allows for return from the Triplet states back to the Singlet states initially, but assumes that the
population is finally transferred into “cold” Triplet states: S <> Thot — Tcod. The calculated time
constant for the Singlet to Triplet ISC is 678 fs. Return to the Singlets from the Triplets is
much slower at 595+151 fs. The time constant for further relaxation to “cold” Triplet states, that
are not available for ISC, was calculated to be significantly larger than the simulation time.
After 300 fs most of population transferred to more than 60% *MLCT states, approximately
20% 3MC and less than 10% 3LC excited states.
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Figure 14: a) Evolution of the diabatic populations
over simulation time. b) Evolution of the summed up
Singlet and Triplet diabatic populations over
simulation time. A time constant for the Singlet to
Triplet ISC was fitted. c) Evolution of the diabatic
populations over simulation time summed up by
characterisation.

Figure 15: a) Evolution of the diabatic populations
over simulation time with frozen nuclei. b) Evolution
of the summed up Singlet and Triplet diabatic
populations over simulation time with frozen nuclei. A
time constant for the Singlet to Triplet ISC was fitted.
c) Evolution of the diabatic populations with frozen
nuclei over simulation time summed up by
characterisation.

Based on the hops performed during the calculation another fitting was done. For this model
the Singlet data was summed up as above, because the only non-MLCT state, S7, is negligible.
The excited states T1 to T5 were collected as *MLCT and T6 to T12 as *MC. T13 to T20 were
neglected because of their small role in the overall dynamics, as can be seen in Fig. 14 a) in
yellow. The time constant resulting from this model are 7("MLCT->3MLCT) = 16043 fs for the
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ISC to the *MLCT states, #{'MLCT->*MC) = 80%1 fs for ISC to *MC states and
7(*MC->"MLCT) = 68+1 fs for the return to the Singlets, {(*MC->*MLCT) = 81+2 fs for
population transfer from *MC to *MLCT and (*MLCT—=>*MC) = 39046 fs for transfer from
SMLCT to *MC.

A second set of trajectories was calculated using exactly the same starting conditions as
above, but with the nuclei “frozen” in place. The diabatic populations for these “frozen core
dynamics” can be seen in Fig. 15. They reveal that without nuclear motion most trajectories
stay in Singlet states. The time constant for population transfer to the Triplets was obtained
with the simple kinetic model mentioned previously. It is slightly larger than for the normal
dynamics. Around 75% of the population stay in the Singlets, while 10% populate the MLCT
states and around 15% *MC states. The latter population transfer is notable, because it is only
slightly smaller than in the normal dynamics. This indicates that ISC to *MLCT states is
considerably more dependent on molecular motion. Meanwhile *MC states can be quickly
populated from the initial conditions through a purely electronic process.

Conclusion

Two novel iron(ll) complexes bearing the asymmetric push-pull ligand cpmp could be
synthesized. The absorption spectra show promising low energy charge transfer bands. The
ligand field strength of the cpmp ligand is generally high enough to stabilize the low-spin ground
state in both, the iron(ll) and iron(lll) oxidation state, as proven by XAS, NMR and EPR
spectroscopy. However, the iron(ll) complexes are non-emissive, as well as the oxidized
complex 1%*. Femtosecond pump-probe spectroscopy revealed single exponential excited
state decay with a time constant of 0.5 ns (548 ps from Vis-pump-Vis-probe, 495 ps from Vis-
pump-IR-probe spectroscopy). According to DFT calculations the SMC state is the lowest
excited state. Therefore, the '"MLCT = *MLCT = 3MC = MC - 'GS relaxation cascade
seems likely although a direct *MC = 'GS is generally conceivable. Performing excited state
dynamics simulation using a linear vibronic coupling model ruled out the latter possibility. No
relaxation to the ground state was found including singlet and triplet excited states. As only
possible relaxation pathway a population of the *MC remains. Interestingly besides the
'MLCT - 3MLCT - *MC pathway a direct '"MLCT - 3MC intersystem crossing was found.
The short *MLCT lifetime and the latter process circumventing the *MLCT state explain the
non-emissive nature of the complexes.
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Experimental

General Procedures

CH3CN and diethyl ether were distilled from CaHz and sodium, respectively. The ligands cpmp
and ddpd were synthesized according to literature.®4% All reagents were used as received
from commercial suppliers (Acros Organics, Alfa Aesar, Fischer and Sigma-Aldrich). NMR
spectra were recorded on a Bruker Avance DRX 400 spectrometer (1[PFg]. and 'H, *C,
'H-"H NOESY and *'P NMR spectra of 2[PFs]z) at 400.31 MHz ('H), 100.05 MHz (**C{'H}),
and 162.04 MHz (*'P{'H}) and on a Bruker Avance Ill HD 400 spectrometer ('H-'H COSY,
'H-"8C-HSQC and 'H-">C HMBC NMR spectra of 2[PFg]z) at 400.42 MHz ('H) and 100.7 MHz
(®C{'H}), respectively. All resonances are reported in ppm versus the solvent signal as an
internal standard [CDsCN ('H, &= 1.94; '*C, § = 1.24 ppm)] or versus external HsPOs (85%)
(®'P: =0 ppm); (s) = singlet, (d) = doublet, (t) = triplet, (m) = multiplet. ESI MS spectra were
recorded on a Micromass Q-TOF-Ultima spectrometer. Elemental analyses were performed
by the microanalytical laboratory of the department of chemistry of the University of Mainz
using an Elementar vario EL Cube. IR spectra were recorded with a Bruker ALPHA Il FT-IR
spectrometer with a Platinum Di-ATR module. EPR spectra were recorded on a Miniscope MS
300 (Magnettech GmbH, Germany) with a frequency counter 5340A (HewlettPackard ) (1%*)
and a frequency counter FC 400 (Magnettech GmbH, Germany) (1*), respectively, at a
microwave frequency of 9.39 GHz in frozen butyronitrile (77 K) (1**) and frozen acetonitrile
(77 K) (1*), respectively. Mn?* in ZnS was used as external standard (g = 2.118, 2.066, 2.027,
1.986, 1.946, 1.906). Simulations were performed with the program package Easyspin for
MatLab (R2015a).*" Electrochemical experiments were carried out on a BioLogic SP-200
voltammetric analyzer using platinum wires as counter and working electrodes and 0.01 M
Ag/AgNQ; as the reference electrode. The measurements were carried out at a scan rate of
100 mV s~' for cyclic voltammetry experiments and at 50 mV s™' for square-wave voltammetry
experiments using 0.1 M ["Bu4][NPF¢] as the supporting electrolyte in CH3;CN. Potentials are
referenced to the ferrocene/ferrocenium couple (Eiz = 955 mV under experimental
conditions). UV/Vis/NIR spectroelectrochemical experiments were performed using a BioLogic
SP-50 voltammetric analyzer and a Specac omni-cell liquid transmission cell with CaF:
windows equipped with a Pt-gauze working electrode, a Pt-gauze counter electrode and a Ag
wire as pseudo reference electrode, melt-sealed in a polyethylene spacer (approximate path
length 1 mm) in CHaCN (0.3 mM and 0.9 mm for oxidation and reduction, respectively)
containing 0.1 M ["BusN][PFg].1*?! IR spectroelectrochemical experiments were performed using
a BioLogic SP-200 voltammetric analyzer and using the same cell, electrodes and electrolyte
as above (12 mm). UV/Vis/near-IR spectra were recorded on a Varian Cary 5000 spectrometer
using 1.0 cm cells (Hellma, Suprasil). Emission spectra were recorded on a Varian Cary
Eclipse spectrometer. For low temperature photoluminescence measurements, a solution of
the complex in freshly filtered butyronitrile was filled into a quartz cuvette in an argon filled
glovebox and the cuvette was sealed and transferred to a Oxford cryostat (Oxford instruments
Optistat®™). Measurements were conducted at room temperature (295 K) and liquid nitrogen
temperature (77 K).

Transient absorption spectra were recorded with a time resolution of ca. 100 fs by a pump-
probe setup based on a Ti:sapphire laser system (CPA 2001, Clark MXR, Inc.) operating at a
center wavelength of 775 nm with a repetition rate of 1 kHz. Applying a noncollinear optical
parametric amplifier (NOPA), excitation pulses with a center wavelength of 620 nm were
generated whose dispersion was controlled by a prism compressor. As probe, a white light
continuum generated in a CaF: crystal was used. The polarizations of pump and probe were
set to magic angle and the beams were focused into the sample to overlapping spots with
diameters of 345 um for the pump and 150 um for the probe. After the sample, the probe was
dispersed by a prism and the transmission changes were spectrally resolved recorded by a
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CCD array detector. The sample compound was dissolved in CH3;CN and the solution was
filled into a 1 mm thick fused silica cuvette.

Ultrafast pump-probe IR-spectra were measured using a flow cell with a 8.6 mm acetonitrile
solution at 295 K. A CPA amplification system (Spectra-Physics Spitfire Ace) with 100 fs-pulses
of 800 nm wavelength was used as laser source. The pump laser with 610 nm wavelength was
generated using a NOPA (Light Conversion TOPAS-White). Every second pump pulse was
blocked using a chopper to generate the difference spectra form two sequent spectra. The
probe laser was generated using a collinear OPA (Light Conversion TOPAS-Prime with DFG-
extension) and detected using CPU¥ and a CCD camera (Princeton Instruments PIXIS 2K)
connected to a spectrometer (Princeton Instruments Acton SpectraPro SP-2500i). The lifetime
was estimated from a Global Target Analysis with TIMP.[44]

Intensity data for crystal structure determination were collected with a Bruker AXS Smart1000
CCD diffractometer with an APEX Il detector and an Oxford cooling system and corrected for
absorption and other effects using Mo KR radiation (4 =0.71073 A) at 173(2) K. The diffraction
frames were integrated using the SAINT package, and most were corrected for absorption with
MULABS."54¢] The structures were solved by direct methods and refined by the full-matrix
method based on F? using the SHELXL-2014/7 software package.*’*#¥ All nonhydrogen atoms
were refined anisotropically, while the positions of all hydrogen atoms were generated with
appropriate geometric constraints and allowed to ride on their respective parent carbon atoms
with fixed isotropic thermal parameters.

DFT calculations were carried out using the ORCA program package (version 4.0.1).149
All calculations were performed using the B3LYP functional®-*? and employ the RIJCOSX
approximation.[®** Relativistic effects were calculated at the zeroth order regular
approximation (ZORA) level.”® The ZORA keyword automatically invokes relativistically
adjusted basis sets. To account for solvent effects, a conductor-like screening model
(CPCM) modeling acetonitrile was used in all calculations.®®") Geometry optimizations
were performed using Ahlrichs polarized valence triple-zeta basis set (def2-TZVP)®8%, Atom-
pairwise dispersion correction was performed with the Becke-Johnson damping scheme
(D3BJ).B%8 The energy of the electronic states and presence of energy minima were
checked by numerical frequency calculations. Explicit counter ions and/or solvent molecules
were not taken into account. The *MC structures were found by using geometry constraints for
certain Fe-N bonds and optimizing in a second step without geometry constraints. For the
potential diagram all six Fe-N bonds were set to fixed values using geometry constraints. All
optimized geometries were ascertained by numerical frequency analysis. The charge transfer
number analyzes were done using TheoDORE 2.0.162

For TDDFT calculations the optimally-tuned LC-BLYP functional has been chosen as the main
theoretical approach which eliminates self-interaction error.83I56! This elimination leads to the
more reliable predictions of the energies and properties of the charge-transfer electronic
excited states.!®% The details of the approach can be found, e.g., in®®”\. All range-separation
parameter tuning calculations have been performed using the 6-31G(d) basis set. The optimal
values of the («; m) parameters are (0.0; 0.14) for 12* and (0.0; 0.15) for 22+,

Further, the geometry optimizations with DFT and excited state linear-response TDDFT
calculations have been conducted employing optimized a and o range-separation parameters
and the def2-TZVP basis set.®®! Solvent effects have been included within the PCM
approach.® All tuning calculations were done with the Q-Chem 5.1 package’” whereas
spectra have been computed with Gaussian16 suite.’"! Excited state analysis has been done
with the TheoDORE packagel® which enables automatic wave function analysis and
assignment of excitation localization at predefined molecular moieties.

For the LVC (linear vibronic coupling) surface hopping dynamics the geometry optimization
was applied using ORCA 4.1. The ground state geometry was optimised using the B3LYP
functional, def2-TZVP basis set, D3BJ dispersion correction, ZORA for relativistic effects with
the SARC/J auxiliary basis set in gas phase. The TDDFT calculations included spin-orbit-

Xes
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coupling (SOC) calculation. An optimally tuned LC-BLYP functional (o = 0; @ = 0.14) was used
for the excited state calculations. Initially 60 Singlet and 60 Triplet excited states were
calculated for comparisons between methods and to choose the relevant excited states for the
dynamics (see Surface Hopping). Wave function analysis was performed using TheoDORE
2.0. For the Surface Hopping (SH) molecular dynamics (MD) the SHARC MD suitel’>74 was
used. It includes an implementation of a linear vibronic coupling (LVC) model”™ which allows
efficient simulations of large molecules with many degrees freedom. 100 initial excited state
coordinates were calculated from a Wigner distribution of the ground state PES."®771 The
dynamics started from 100 initial conditions from the energy range 1.5-2.5 eV around the 2 eV
peak of the lowest energy absorption band. These were generated stochastically from the
oscillator strength. The 137 propagated trajectories started from following excited states: S1
(4), S2 (14), S3 (30), S4 (28), S5 (40), S6 (20) and S7 (1). The trajectories were propagated
for 1500 fs with a nuclear timestep of 0.5 fs and an electronic timestep of 0.02 fs. Non-adiabtic
effects were described using a local diabatization scheme.™ The kinetic energy was adjusted
during surface hops to conserve total energy. The energy-based decoherence correction by
Granucci, Persico and Zoccantel was used. For the hopping probabilities the standard
SHARC scheme, based on wave function overlaps,® was used. The LVC model was
parametrised along 199 normal modes. 14 normal modes had to be excluded, because they
could not be described well within the model, e.g. the torsion of the methyl group. The
couplings related to the excluded normal modes were generally low, so their effect on the
dynamics was expected to be low. 11 Singlet states, including the ground state, and 20 Triplet
states were included. In addition, using exactly the same parameters and initial conditions, a
second set of trajectories was calculated, with the difference that the nuclei were kept frozen
in place.

HERFD-XANES (high energy resolution fluorescence detected X-ray absorption near edge
structure) and CtC-XES (core-to-core X-ray emission spectroscopy) experiments were
conducted at beamline 1D26 of the ESRF (European Synchrotron Radiation Facility).®" During
the experiments, the electron energy of the synchrotron was at 6.0 GeV, and its ring current
varied between 180 and 200 mA. All measurements were carried out using the first harmonic
of two u35 undulators. The incident photon energy was selected via the (311) reflection from
a double Si crystal monochromator, leading to a photon flux of approximately 2 x 1013
photons:s™" on the sample position. The monochromator was calibrated using a Fe foil. All
experiments were conducted with a Johann type spectrometer®®l in a vertical Rowland
geometry, using the (620) reflection of five spherically bent Ge crystal analyzers (with R = 1
m).® The emission was monitored by a photodiode installed at about 90° scattering angle and
at 45° to the sample surface. Fe K-edge HERFD-XANES were obtained by recording the
intensity of the Fe CtC XES maximum as a function of the incident energy. During each
HERFD-XANES scan, the undulator gap was kept at a fixed position and only the
monochromator angle was changed. To minimize radiation damage, all measurements were
carried out at 20 K using a He cryostat under vacuum conditions. Each HERFD-XANES
measurement was carried out in 60 seconds. To achieve a satisfying signal to noise ratio four
spectra were averaged, each measured at a different spot of the homogeneous sample. Each
sample is tested for radiation damage in the beginning by ten fast HERFD-XANES scans over
the pre-edge and whiteline with a scan time of 10 seconds on one spot, starting with a 100-
times attenuated beam and ending with an unattenuated beam. Within these time frames, no
radiation damage could be detected. CtC-XES spectra were recorded off resonance at an
excitation energy of 7300 eV in the range of 7030-7080 eV, with a step width of 0.2 eV. To
observe reasonable data, 3 spectra (60 second per scan) were recorded, utilizing a different
sample spot for each scan. TDDFT (XANES)®52€l calculations were carried out using a
modified TPSSh functional, with an adjusted Hartee-Fock exchange of 12.5 %, which has been
applied in previous studies of our group on low-valent iron carbonyl / nitrosyl complexes,®®
biomimetic copper complexes®”! and iron poly-pyridyl complexes!®8% and has been shown to
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achieve a very good agreement between theory and experiment for these type of complexes
concerning the splitting of metal-centered (MC) and metal-to-ligand charge transfer (MLCT)
transitions in the near-edge to pre-edge region. The def2-TZVP® basis set (with a special
integration accuracy of 5) was applied on all atoms except Fe, for which the expanded
CP(PPP) basis set® is used (with a special integration accuracy of 7). All calculations were
performed using the optimized structures (Orca 4.0: CPCM(acetonitrile)- RIJCOSX-B3LYP-
D3BJ-ZORA/def2-TZVP, vide supra). Inclusion of polar crystal environment effects were
included via the conductor-like polarizable continuum model (CPCM, ¢ = infinity).579" All
calculated XANES (TDDFT) transitions were broadened by 1.5 eV (fwhm). Calculated XANES
were adjusted to experiment by shifting them by 151.3 eV. Kohn-Sham orbitals were visualized
with the IboView program (version 20150427).%

Synthesis of 1[PFe]z ([Fe(cpmp)2][PFe]>

A solution of 200 mg (0.700 mmol) cpmp in 4 mL acetonitrile was added to a solution of 116 mg
Fe[BF:]2x6H20 in 1 mL acetonitrile. The blue solution was stirred for 16 h at room temperature.
Addition of 200 mL diethyl ether yielded in a blue precipitate that was washed with 200 mL
diethyl ether to remove excess of ligand. The product was collected by filtration and dissolved
in acetonitrile (1 mL). Addition of an aqueous solution of [NH4][PFs] (1 mg, 6 mmol, 40 eq. in
100 mL of Hz0) resulted in the precipitation of a blue solid, which was collected by filtration
and purified by slow diffusion of diethyl ether into a solution of 1[PFe]2 in acetonitrile to yield
crystals suitable for single-crystal X-ray diffraction. The blue crystals were dried under reduced
pressure. Yield: 131 mg (0.141 mmol, 47 %). '"H NMR (CDsCN, 300 K): &ppm = 8.26 (dd, °J =
7.9 Hz, 2 H, H%), 8.07 (m, 4 H, H3, H*), 8.01 (d, *J=7.3 Hz, 2 H, H?), 7.87 (dd, °J = 8.4, 8.4 Hz,
2 H,H™), 7.56(d,*=85Hz 2H,H"%),7.45 (d,°*J=59Hz, 2H,H"),7.21(dd,3J=7.5,3=
4.0Hz, 2H,H?),7.10(d,3J=8.8 Hz, 2H, H""),6.83 (d, °*J=5.8 Hz, 2 H, H'*), 6.77 (d, 3= 6.8
Hz, 2 H, H'®), 2.91 (s, 6 H, H®). *C{"H} NMR (CD3CN, 300 K): &ppm = 179.9 (C'?), 159.3 (C’),
158.6 (C'®), 1568.2 (C%), 157.3 (C"), 156.8 (C'"), 154.4 (C'*), 140.0 (C'®), 139.4 (C?), 138.4 (C%),
126.2 (C?), 126.1 (C*), 124.4 (C?®), 120.2 (C™), 117.5 (C'?), 112.0 (C'"), 37.4 (C°®). *'P NMR
dppm = -144.7 (sept, 'Jer = 707 Hz). MS (ESI*) m/z (%) = 318.05 (75,69, [Fe(cpmp)2)**),
365.05 (86.42, [Fe(cpmp)F]*), 655.16 ([Fe(cpmp):F]*), 781.8 (13.07, {[Fe(cpmp):][PFs]}"),
1245.74 (22.61, {H[Fe(cpmp)2]s[PFs]s}**), 1709.65 (25.39, {Hs[Fe(cpmp)2)s[PFsls}**). MS (HR-
ESI"): calcd. for CasHosFsFeNsO:P*: miz= 781.1326 (100, [Fe(cpmp):][PFe]’]. Found:
m/z = 781.1309 (100). Elem. anal. calcd. for CasHagF12FeNsO2P2 x 0.33 H20: C, 43.80; H, 3.10;
N, 12.02. Found: C, 43.77; H, 3.22; N, 11.97. IR (ATR): o/cm™" = 1669 (m, C=0), 1558(m),
1573 (m), 1482 (m), 1453 (m), 1435 (m), 1355 (m), 1320 (w), 1294 (vw), 1270 (w), 1244 (w),
1198 (vw), 1175 (w), 1154 (w), 1139 (w) 1122 (vw), 1090 (vw), 1067 (vw), 1020 (w), 972 (w),
833 (vs, PF), 793 (s), 754 (s), 713 (s), 673 (s), 649 (m), 633 (m), 578 (m), 559 (vs, PF2, def.),
516 (m), 448 (w), 434 (w), 414 (w). CV (CH3sCN): Eq2 = -1.46 (rev.). —1.28 (rev.), +0.78 (rev.)
V vs. FcH/FcH". UV/VIS (CH3CN): Amax (£) = 247 (20900, sh), 270 (28700), 300 (16500, sh),
350 (12200), 410 (5640, sh), 609 (3980 m~'cm").

Oxidation of 1[PFs]z ([Fe(cpmp)2][NO3]s)

1[PF¢)2 (100 mg, 0.108 mmol, 1.0 equiv.) was dissolved in a 5 mL CHzCN and [NH4]2[Ce(NO3)s]
(95 mg, 0.173 mmol, 1.6 equiv.) was added as a solid. After 5 minutes of stirring at room
temperature the orange product was collected by filtration and dried under reduced pressure.
EPR (frozen PrCN, 77 K): g11=2.74530, g2.1 = 2.66579, g12 = 2.23901, @22 = 2.23892, @31 =
1.67583, g3 = 1.60628; UV/Vis (CH3sCN): Amax = 270, 314 (sh), 350, 962 nm, IR (ATR): o/cm™
= 3235 (vw, br.), 3112 (vw, sh), 3087 (vw), 3030 (vw, sh), 1695 (w, C=0), 1649 (vw), 1585 (w),
1577 (vw), 1454 (s, sh), 1427 (vs, N-O), 1322 (vs), 1298 (vs), 1267 (vs), 1250 (vs, sh), 1204
(w), 1168 (w), 1159 (w), 1143 (w), 1102 (w), 1070 (vw), 1038 (m), 1019 (m), 971 (w), 892 (w),
816 (s, N-O), 788 (w), 780 (w), 761 (m), 734 (s, N-O), 706 (w), 679 (w), 658 (vw), 634 (vw),
615 (vw), 574 (w), 525 (vw), 512 (vw), 474 (vw), 456 (vw), 446 (vw), 432 (vw), 405 (w).
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Reduction of 1[PFglz ([Fe(cpmp):]*)

1[PFs]2 (2.65 mg, 2.86 pmol, 1.0 equiv.) was dissolved in a 1.5 mL CHsCN.
Decamethylcobaltocene (0.63 mg, 1.91 pmol, 1.0 equiv.) was added to 1.0 mL of this solution
as solid. EPR and IR spectra were measured after 5 minutes of stirring. EPR (frozen CH3;CN,
77 K): g = 2.0075.

Synthesis of 2[PFe]. ([Fe(cpmp)(ddpd)l[PFel2

A solution of 100 mg (0.300 mmol) cpmp and 100 mg (0.300 mmol) ddpd in 2 mL dry
acetonitrile was added to a suspension of 143 mg (0.400 mmol) Fe(OTf)2 in & mL dry
acetonitrile under argon atmosphere. The yellow-green solution was stirred for 30 minutes at
room temperature. Addition of 200 mL dry diethylether yielded in a green precipitate —
containing both [Fe(ddpd).]** and [Fe(cpmp)(ddpd))?*.The product was purified by column
chromatography using silica gel and a mixture of acetonitrile and saturated aqueous solution
of potassium nitrate (8:1). The solvent was removed by freeze drying. The product was
collected by filtration and dissolved in acetonitrile (1 mL). Addition of an aqueous solution of
[NH4][PFg] (1 mg, 6 mmol, 40 eqg. in 100 mL of Hz0) resulted in the precipitation of a green
solid, which was collected by filtration. The green crystals were dried under reduced pressure.
Crystals suitable for single-crystal X-ray diffraction were yielded by slow diffusion of diethyl
ether into a solution of 2[PFs]. in acetonitrile. Yield: 67.1 mg (0.072 mmol, 24 %).

'H NMR (CDsCN, 300 K): dppm = 8.17 (t, °*J = 7.9 Hz, 1 H), 8.04 (m, 3 H), 7.92 (d,*/ =74
Hz, 1 H), 7.83 (m, 3 H), 7.44 (m, 2 H), 7.14 (m, 5 H), 7.03 (d, *J = 8.3 Hz, 1 H), 6.98 (d, °J =
5.8 Hz, 1 H), 6.78 (m, 2 H), 6.69 (m, 1 H), 6.63 (d, *J = 5.4 Hz, 2 H), 3.04 (s, 3 H), 3.02 (s, 3
H), 2.83 (s, 3 H). "*C{'"H} NMR (CDsCN, 300 K): dppm = 181.5, 162.4, 161.6, 161.4, 161.1,
160.9, 159.5, 158.7, 158.3, 156.5, 156.0, 155.2, 141.6, 141.3, 140.9, 140.8, 140.4, 139.5,
127.8,127.2,126.1,125.7,121.4,121.2,121.1,117.9, 113.7, 113.5, 113.1, 113.0, 112.4, 40.0,
39.9, 39.2. P NMR dppm = -144.64 (sept, 'Jpr = 706 Hz). Although the number of 'H and
3C resonances, their intensity and multiplicity fit to the structure, the two ligand nuclei feature
too similar chemical shifts to allow a detailed assignment. MS (ESI*) m/z (%) = 318.57 (96.01,
[Fe(cpmp)(ddpd)]?*), 366.08 (100, [Fe(ddpd)F]?*), 656.20 (56.92, [Fe(cpmp)(ddpd)F]?*),782.82
(13.31, {[Fe(cpmp)(ddpd)][PFe]}*),1246.75 (26.02, {H[Fe(cpmp)(ddpd)]s[PFels}’), 1711.18
(33.09, {HiFe(cpmp)(ddpd)ls[PFsls}**}. MS (HR-ESI*): calcd. for CaHi1FsFeNsOP*: m/z =
782.1643 (100, [Fe(cpmp)(ddpd)][PFs]*]). Found: 782.1642 (100). Elem. anal. calcd. for
Ca4H31F12FeNgOP2 x 1.25 H20: C, 42.99; H, 3.55; N, 13.27. Found: C, 42.52; H, 3.04; N, 13.29.
IR (ATR): d/ecm™ = 1672 (m, C=0), 1593 (m), 1580 (m), 1567 (m), 1493 (m), 1450 (s), 1432
(s), 1358 (m), 1340 (m), 1320 (w), 1304 (vw), 1290 (vw), 1270 (vw), 1278 (w), 1238 (w), 1196
(vw), 1171 (w), 1142 (m), 1134 (w), 1096 (w), 1065 (vw), 1020 (vw), 974 (vw), 949 (vw), 915
(vw), 875 (m), 831 (vs, PF), 978 (vs), 777 (s), 747 (vs), 717 (m), 672 (m), 647 (vw), 634 (vw),
589 (w), 583 (w), 555 (s, PF2, def.), 516 (w), 446 (w), 414 (w). CV (CH3CN): Eq2 = —2.03 (rev.),
-1.36 (rev.), +0.55 (rev.) V vs. FcH/FcH*. UV/VIS (CHsCN): Amad&) = 244 (21900), 276
(30100), 325 (15900), 365, (8630), 420 (5500, sh), 616 (2250 M~'cm™).
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NMR spectroscopy
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Figure S 1: 'H NMR spectrum of 1[PFs]2 in CDsCN at 293 K.
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Figure S 2: 13C{*H} NMR spectrum of 1[PFs]2 in CD3CN at 293 K.
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Figure S 3: *H-'H COSY-NMR spectrum of 1[PFs]2 in CD3CN at 293 K.
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Figure S 4: 'H-13C HMQC-NMR spectrum of 1[PFs]2 in CD3CN at 293 K.
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Figure S 5: 'H-13C HMBC-NMR spectrum of 1[PFe]2 in CD3CN at 293 K.
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Figure S 6: 3'P NMR spectrum of 1[PFs]2 in CD3CN at 293 K.
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Figure S 7: 'H NMR spectrum of 2[PFs]2 in CD3CN at 293 K.
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Figure S 8: 3C{tH} NMR of 2[PFs]2 in CDsCN at 293 K.
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Figure S 9: 'H-'H-COSY NMR spectrum of 2[PFs]2 in CD3CN at 293 K.
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Figure S 10: 'H-'H-NOESY NMR spectrum of 2[PFe]2 in CD3CN at 293 K (tmix = 1s).
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Figure S 11: H-13C HSQC NMR spectrum of 2[PFs]2 in CDsCN at 293 K.
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Figure S 12: *H-13C-HMBC NMR spectrum of 2[PFg]2 in CD3CN at 293 K.
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Figure S 13: 3P NMR spectrum of 2[PFs]2 in CD3CN at 293 K.

143



7. Understanding Excited State Kinetics in Asymmetric Iron(Il) Push-Pull Complexes

Mass spectrometry
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Figure S 14: ESI* mass spectrum of 1[PFe]2 in acetonitrile and calculated isotope pattern of CzsH2sFsFeNsO2P.
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Figure S 15: ESI* mass spectrum of 2[PFe]2 in acetonitrile and calculated isotope pattern of CasHziFsFeNsOP.

144



7. Understanding Excited State Kinetics in Asymmetric Iron(Il) Push-Pull Complexes

IR spectroscopy
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Figure S 17: IR spectrum of 2[PFe]2.
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Figure S 18: IR transient absorption spectra (left) and amplitude spectrum (right) of 1[PFs]2 in CH3CN after excitation
at 610 nm.
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Figure S 19: ATR-IR spectrum of [Fe(cpmp)2][NOz]s
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Absorption spectroscopy
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Figure S 20: UV/Vis spectrum of 1[PFg]2 (blue) and 2[PFg]2 (red) in acetonitrile at 298 K.
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Figure S 21: a) UV/Vis spectrum (black) of 1[PFs]2 in acetonitrile at 298 K and TDDFT calculated oscillator strength
of 12* (colored tick spectrum, red: MC, green: MLCT, orange: ILCT/LC, purple: LL"CT as mean character, Orca 4.1:
CPCM(acetonitrile)-RIJCOSX-B3LYP-D3BJ-ZORA/def2-TZVP). b) decomposition of the charge transfer number
matrices into MC (red), MLCT (green), LMCT (blue), ILCT/LC (orange) and LL'CT (purple) using TheoDORE 2.0
for a three component system (metal, ligand 1 and ligand 2).
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Figure S 22: a) UV/Vis spectrum (black) of 1[PFs]2 in acetonitrile at 298 K and TDDFT calculated oscillator strength
of 12*(colored tick spectrum, red: MC, green: MLCT, orange: ILCT/LC, purple: LL'CT as mean character, Gaussian
16: PCM-LC-BLYP-6-31G(d)-a= 0, @ = 0.14. b) decomposition of the charge transfer number matrices into MC
(red), MLCT (green), LMCT (blue), ILCT/LC (orange) and LL'CT (purple) using TheoDORE 2.0 for a three
component system (metal, ligand 1 and ligand 2).
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Figure S 23: Difference densities of 20 lowest energy transitions (TD-DFT, Orca 4.1: CPCM(acetonitrile)-RIJCOSX-

B3LYP-D3BJ-ZORA/def2-TZVP, contour value of 0.01; 3,8 MC,1-3,5—

LL'CT) of 12*.

7,9,14-20 MLCT; 12, 13 ILCT, 10, 11
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Figure S 24: a) UV/Vis spectrum (black) of 2[PFs]2 in acetonitrile at 298 K and TDDFT calculated oscillator strength
of 22* (colored tick spectrum, red: MC, green: MLCT, orange: ILCT/LC, purple: LL"CT as mean character, Orca 4.1:
CPCM(acetonitrile)-RIJCOSX-B3LYP-D3BJ-ZORA/def2-TZVP). b) decomposition of the charge transfer number
matrices into MC (red), MLCT (green), LMCT (blue), ILCT/LC (orange) and LL'CT (purple) using TheoDORE 2.0
for a three component system (metal, ligand 1 and ligand 2).
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Figure S 25: a) UV/Vis spectrum (black) of 2[PFs]2 in acetonitrile at 298 K and TDDFT calculated oscillator strength
of 22* (colored tick spectrum, red: MC, green: MLCT, orange: ILCT, purple: LL"CT as mean character, Gaussian16:
PCM-LC-BLYP-(a = 0.0; w = 0.15)-def2-TZVP. b) decomposition of the charge transfer number matrices into MC
(red), MLCT (green), LMCT (blue), ILCT (orange) and LL'CT/LC (purple) using TheoDORE 2.0 for a three
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Figure S 27: TA-map for IR transient absorption 1[PFe]2 in CH3CN after excitation at 610 nm.
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Figure S 28: UV/Vis absorption spectra of 1[PFe]2 (blue), 1?* oxidized electrochemically to 13* (black) and 1[NOz]s

prepared by oxidation with (NH4)2[Ce(NOs)s] (red). Extinction coefficients of the oxidized species approximately
estimated.
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Figure S 29 UV/Vis spectrum (black) of 13+ in acetonitrile at 298 K and TDDFT calculated oscillator strength of 13*
(colored tick spectrum, red: MC, blue: LMCT, Orca 4.1: CPCM(acetonitrile)-RIJCOSX-B3LYP-D3BJ-ZORA/def2-
TZVP).
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Figure S 30 UV/Vis spectrum (black) of 13* in acetonitrile at 298 K and TDDFT calculated oscillator strength of 13*
(colored tick spectrum, red: MC, green: MLCT, blue: LMCT, orange: ILCT, purple: LL'CT as mean character,
Gaussian16: PCM-LC-BLYP-(a = 0.0; w = 0.15)-def2-TZVP.
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Electrochemistry

EIV

Figure S 31: Square wave voltammogramm of 1[PFs]2 with (solid) and without (dotted) Ferrocene, 1 mm in
acetonitrile, 0.1 M ["BusN][PFe].

EIV

Figure S 32: Square wave voltammogramm of 2[PFg]2 with (solid) and without (dotted) Ferrocene, 1 mm in
acetonitrile, 0.1 m ["BusN][PFe].
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Figure S 33: a) IR spectra during electrochemical oxidation of 12* to 13* in acetonitrile with 0.1 m ["BusN][PFe] at 298
K. b) corresponding spectra during the re-reduction of 13* to 12*.
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Figure S 34: IR spectra during electrochemical reduction of 12* to 1* in acetonitrile with 0.1 m ["BusN][PFe] at 298
K.
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Spin densities

Figure S 35: a) Optimized geometry of 'GS and spin density of b) 3MLCT c) 3MC and d) SMC states of 12* with
contour values of 0.05.

Figure S 36: a) Optimized geometry of 1GS and spin density of b) SMLCT c) 3MC and d) SMC states of 22* with
contour values of 0.05.

Figure S 37: Spin density of doublet states of a) 1* and b) 2* contour value of 0.01.
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Figure S 38: UV/vis spectrum (black) of 1[PFs]zin acetonitrile at 298 K and convoluted spectra (FWHM 0.2 eV) from
TDDFT ORCA 4.1 calculated oscillator strengths of 12* using RIJCOSX -LC-BLYP-D3BJ-Zora/def2-TZVP with a=0,
w=0.14 in gas phase (blue), RIJCOSX-LC-BLYP-D3BJ-Zora/def2-TZVP with a=0, w=0.14 with CPCM(acetonitrile)
solvation (green) and RIJCOSX-B3LYP-D3BJ-Zora/def2-TZVP (red).
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DFT-Structures
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10.149830000

3.344175000
4.742928000
4.285049000
3.719036000
3.824313000
4.206198000
2.658882000
3.123285000
2.333454000
2.976510000
2.076424000
3.992764000
3.924960000
5.126724000
6.225193000
7.640130000
8.488977000
8.118463000
9.777844000
10.455276000
10.171339000
11.158788000
9.279139000
9.571103000

11.028091000
12.037969000
11.931269000
10.025392000
9.449134000
9.482982000
10.140480000
11.728584000
11.107145000
12.363752000
12.226054000
13.197246000
13.723625000
13.338622000
14.188464000
13.730106000
13.969345000
14.529198000
13.462683000
13.631509000
12.726505000
12.293976000
12.552488000
12.008693000
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17.784841000
11.008508000
24.338354000
17.952718000
18.001806000
15.632683000
17.566905000
14.726004000
16.684373000
19.867294000
20.899200000
19.171819000
19.327290000
21.067692000
18.118350000
17.973874000
17.594210000
18.509613000
18.540344000
19.030909000
19.490161000
18.885409000
19.170926000
18.283756000
16.023927000
14.499440000
14.846845000
12.489494000
11.274865000
12.022475000
10.451852000
13.640623000
13.151348000
15.340594000
15.005388000
13.155671000
17.056993000
16.856122000
19.379482000
21.047932000
19.548574000
21.313940000
12.721202000
12.997590000
10.431211000

8.881172000
10.177063000

8.402734000
12.244808000
12.107649000
14.530128000

13.061008000
14.611629000
11.291023000
12.556507000
16.970089000
16.057783000
13.675115000
10.800051000

8.322322000

9.998632000
15.218649000
19.069953000
20.678667000
18.509198000
19.640224000
10.211396000

8.688529000

9.729310000

7.808040000
11.770130000
11.482505000
14.189353000
15.792727000
14.537907000
17.547623000
19.659247000
20.827990000
20.177540000
21.779622000
18.580502000
18.869010000
16.568761000
14.995520000
14.261560000
14.337704000
14.782908000
13.884808000
13.958972000
13.367231000
13.039283000
13.261500000
12.808964000
11.242752000
12.657311000
10.048474000
10.510507000

8.271165000

7.301979000

7.697705000

6.244269000

8.958045000

24.593067000
20.721921000
28.739391000
28.361857000
28.931899000
25.245909000
20.856573000
24.489336000
21.355944000
24.019221000
24.659455000
30.303993000
29.036161000
30.863328000
31.986397000
29.368859000
28.069867000
31.863469000
32.551433000
33.437207000
35.408200000
32.472301000
33.696037000
29.922647000
27.272864000
27.737294000
29.370879000
26.159728000
26.529664000
24.130207000
22.860020000
23.726766000
21.411833000
19.782081000
17.176310000
16.434223000
15.613439000
13.580422000
16.721823000
15.588981000
19.329132000
20.243741000
26.006024000
27.446034000
25.736411000
26.981244000
23.815637000
23.514727000
22.332147000
20.911220000
22.745981000
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19.043921000
16.330034000
18.049454000
14.802871000
15.884083000
20.504348000
19.807809000
22.783986000
23.903772000
23.585607000
25.333442000
22.094975000
23.123054000
22.955812000
25.023491000
26.600322000
25.018307000
26.612018000
22.931084000
22.847315000
20.919084000
19.248206000

8.102769000
7.008223000
7.194867000
7.924147000
5.003063000
5.931967000
4.437179000
5.665952000
3.974744000
7.575802000
7.452252000
9.708269000
11.793250000
14.457539000
16.025639000
15.308306000
18.439167000
19.689924000
19.198810000
21.049305000
17.551789000
18.108365000

22.532978000
18.945339000
17.836895000
17.920092000
19.158614000
22.144181000
20.945897000
23.381224000
23.127005000
24.992745000
26.038214000
25.239510000
26.872292000
25.942696000
26.358622000
27.439810000
25.343373000
25.616355000
23.944738000
23.082585000
23.664694000
22.636849000
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1%, 3MLCT

6
6
6
6
6
7
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6

1.573889000
1.742317000
0.641854000
-0.626833000
-0.730590000
0.350839000
2.726371000
-1.517645000
1.426604000
2.446109000
3.631302000
3.724173000
2.634752000
1.524006000
4.465756000
0.501181000
2.318535000
4.612374000
-2.261068000
-3.368281000
-3.471283000
-2.453864000
-1.386380000
-1.299064000
-4.323334000
-4.115763000
-2.476534000
-0.591497000
1.002864000
0.864556000
-0.379981000
-1.491491000
-1.311048000
-0.089972000
1.748142000
-2.468629000
1.512478000
2.575481000
3.654529000
3.583909000
2.447117000
1.456827000
4.522340000
0.678607000
2.568217000
4.370433000
-2.377691000
-3.459133000
-3.339330000
-2.136981000
-1.129670000

-2.510143000
-3.901804000
-4.714645000
-4.141918000
-2.769933000
-1.958308000
-4.328709000
-4.742805000

1.024056000

1.288073000
0.567149000
-0.414790000
-0.653936000
0.098558000
0.751918000
1.571907000
2.049088000
-1.019587000
-1.108313000
-1.126464000
-0.171495000

0.759728000

0.729264000
-0.177240000
-0.163214000
-1.894586000
1.512458000
1.454171000
2.761879000
4.150773000
4.706042000
3.876768000
2.503289000
1.949694000
4.756428000
4.290433000
0.807235000
0.945355000
0.058317000
0.948469000
1.079396000
0.147143000
-0.155819000
-1.489171000
-1.732313000
1.679915000

0.659743000

0.420822000
-0.530451000
-1.220805000
-0.967490000

-0.116770000
-0.045049000
0.081253000
0.155745000
0.140330000
0.023885000
-0.147782000
0.253614000
-2.316183000
-3.194980000
-3.066343000
-2.103907000
-1.259496000
-1.335162000
-3.729064000
-2.363835000
-3.950197000
-2.029581000
1.362949000
2.199428000
3.200315000
3.337430000
2.456387000
1.473067000
3.865723000
2.068659000
4.112093000
2.527281000
0.231751000
0.132000000
-0.056675000
-0.179985000
-0.147525000
0.061364000
0.256045000
-0.366435000
2.466894000
3.323287000
3.195645000
2.265104000
1.441395000
1.512175000
3.834353000
2.519152000
4.062915000
2.159038000
-1.301833000
-2.157862000
-3.147609000
-3.294509000
-2.398577000
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-1.256563000
-4.166423000
-4.361125000
-1.988535000
-0.193632000
2.675536000
-2.104120000
-3.071301000
0.760945000
-0.500884000
0.124829000
-2.419465000
2.326384000
3.343305000
-3.737465000
-4.180266000
-4.395679000
-3.630390000
3.997920000
3.893165000
4.441785000
4.646169000

-0.079880000
-0.714860000
1.003168000
-1.952064000
-1.497574000
-1.700336000
-2.203742000
-2.738771000
-5.789167000
5.779581000
0.004871000
1.664702000
2.252606000
2.962869000
2.168514000
2.836011000
1.317189000
2.698244000
-2.199458000
-2.726985000
-2.861291000
-1.342714000

-1.385586000
-3.819651000
-2.067575000
-4.074840000
-2.456714000
-0.343582000
0.361179000
-0.134787000
0.102173000
-0.115843000
0.071287000
-0.351400000
0.593877000
0.354631000
0.050234000
-0.690348000
0.204675000
0.992169000
0.061623000
1.004328000
-0.682516000
0.222287000
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1%, 3MC

6
6
6
6
6
7
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6

1.565160000
1.739423000
0.632625000
-0.635996000
-0.734242000
0.344746000
2.725099000
-1.527110000
1.499650000
2.551369000
3.722485000
3.770546000
2.654206000
1.551952000
4.582153000
0.579329000
2.458195000
4.650962000
-2.266369000
-3.392248000
-3.524669000
-2.515917000
-1.431873000
-1.311193000
-4.389904000
-4.132662000
-2.560902000
-0.641751000
0.924332000
0.805520000
-0.456032000
-1.534888000
-1.345390000
-0.131939000
1.679149000
-2.514584000
1.761796000
2.899726000
3.894613000
3.713698000
2.539391000
1.585937000
4.795645000
0.971408000
2.996426000
4.454199000
-2.462295000
-3.574503000
-3.527974000
-2.376497000
-1.331265000

-2.647899000
-4.038110000
-4.854846000
-4.288063000
-2.910788000
-2.106447000
-4.464669000
-4.892343000
0.906809000
1.162614000
0.430033000
-0.555366000
-0.776267000
-0.011051000
0.608064000
1.461971000
1.926454000
-1.167518000
-1.210810000
-1.228463000
-0.266739000

0.673686000

0.640605000
-0.269186000
-0.259227000
-2.002026000
1.433968000
1.370200000
2.800172000
4177121000
4.740758000
3.917206000
2.529878000
1.983206000
4.784707000
4.337171000
0.682040000
0.745551000
0.204017000
1.187326000
1.183055000
0.257972000
0.181432000
1.413654000
1.525455000
1.954875000
0.736378000
0.580591000
-0.369365000
-1.133747000
-0.928447000

-0.105927000
-0.069604000
0.027142000
0.103773000
0.125624000
0.033298000
-0.163953000
0.175249000
-2.318917000
-3.166616000
-3.000053000
-2.034271000
-1.221602000
-1.329989000
-3.631827000
-2.395080000
-3.924413000
-1.927733000
1.324853000
2.140504000
3.130083000
3.276749000
2.416141000
1.437956000
3.778494000
2.001498000
4.043556000
2.497319000
0.243151000
0.292854000
0.135551000
-0.094782000
-0.167153000
0.030998000
0.472956000
-0.256798000
2.604803000
3.396464000
3.213406000
2.250334000
1.504808000
1.674610000
3.810979000
2.710027000
4.138624000
2.080930000
-1.424828000
-2.261177000
-3.263683000
-3.436113000
-2.562833000
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-1.381787000
-4.377618000
-4.442425000
-2.295592000
-0.417435000
2.665435000
-2.100924000
-3.070995000
0.753218000
-0.588800000
0.108410000
-2.455060000
2.314177000
3.261012000
-3.758094000
-4.226587000
-4.413802000
-3.625102000
3.969513000
3.830621000
4.450014000
4.613731000

-0.040451000
-0.498074000
1.210552000
-1.873078000
-1.501717000
-1.805423000
-2.321996000
-2.853916000
-5.929712000
5.813475000
-0.102124000
1.711123000
2.262889000
2.816104000
2.192531000
2.905953000
1.334072000
2.661602000
-2.296390000
-2.820215000
-2.964780000
-1.439561000

-1.556375000
-3.921043000
-2.150598000
-4.219489000
-2.641665000
-0.275381000
0.336991000
-0.162851000
0.026283000
0.175485000
0.049544000
-0.421099000
0.493195000
-0.028569000
0.051030000
-0.629032000
0.173584000
1.021859000
0.181705000
1.123387000
-0.534784000
0.360386000
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1.604173000
1.799152000
0.711309000
-0.558655000
-0.673730000
0.385761000
2.784367000
-1.435023000
1.651023000
2.740717000
3.890873000
3.894083000
2.739863000
1.655263000
4.776981000
0.735634000
2.696711000
4.765854000
-2.305403000
-3.502281000
-3.723649000
-2.744989000
-1.585471000
-1.369558000
-4.644428000
-4.231183000
-2.873531000
-0.807899000
0.924849000
0.818996000
-0.444234000
-1.534142000
-1.347789000
-0.136714000
1.696580000
-2.513608000
1.764604000
2.893823000
3.871898000
3.681347000
2.514005000
1.578355000
4.768293000
0.988028000
2.998988000
4.410053000
-2.475081000
-3.612356000
-3.598982000
-2.454914000
-1.382277000

-2.682507000
-4.070196000
-4.897198000
-4.342256000
-2.964650000
-2.150388000
-4.488081000
-4.956275000
0.866461000
1.119882000
0.363115000
-0.625219000
-0.833678000
-0.064319000
0.531450000
1.432050000
1.891978000
-1.243634000
-1.307762000
-1.319276000
-0.339611000
0.618875000
0.571049000
-0.368205000
-0.327313000
-2.091737000
1.396565000
1.312908000
2.916273000
4.294517000
4.859606000
4.041658000
2.653152000
2.110944000
4.901222000
4.467635000
0.657575000
0.706008000
0.263683000
1.252192000
1.238564000
0.290027000
0.253080000
-1.405524000
-1.491709000
2.033802000
0.831629000
0.654761000
-0.314152000
-1.083701000
-0.861694000

-0.157772000
-0.099616000
0.080503000
0.208951000
0.181083000
0.010070000
-0.230646000
0.349946000
-2.471061000
-3.271572000
-3.060668000
-2.095772000
-1.329252000
-1.499778000
-3.657942000
-2.575253000
-4.025495000
-1.958057000
1.390642000
2.098995000
3.057242000
3.275857000
2.516756000
1.592771000
3.624118000
1.904842000
4.015346000
2.640051000
0.242388000
0.277711000
0.127594000
-0.079558000
-0.142212000
0.044682000
0.441219000
-0.228194000
2.552795000
3.355835000
3.189520000
2.233978000
1.477264000
1.630511000
3.794410000
2.639835000
4.090540000
2.079774000
-1.361207000
-2.159912000
-3.144345000
-3.340438000
-2.507752000
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-1.397084000
-4.471536000
-4.478360000
-2.402069000
-0.472669000
2.709156000
-2.057731000
-2.999964000
0.845484000
-0.571238000
0.120820000
-2.454464000
2.299437000
3.258638000
-3.750577000
-4.235316000
-4.400716000
-3.597421000
3.999502000
3.829689000
4.508874000
4.635250000

0.050455000
-0.456613000
1.283695000
-1.841612000
-1.438542000
-1.840909000
-2.402449000
-2.943220000
-5.970287000
5.933439000
-0.020462000
1.819848000
2.340613000
2.874897000
2.301274000
3.004086000
1.443146000
2.785012000
-2.315351000
-2.817765000
-2.999012000
-1.452296000

-1.519459000
-3.767853000
-2.033049000
-4.108083000
-2.600866000
-0.358211000
0.392699000
-0.150280000
0.106592000
0.158061000
0.021135000
-0.369730000
0.479307000
-0.039789000
0.122162000
-0.557648000
0.272929000
1.082791000
0.155802000
1.103966000
-0.525596000
0.337040000
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1%, 2MC

6
6
6
6
6
7
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
1
1
6
6
6
6
6
7
1
1
6
6
6
6
6
-
1
1
1
1
6
6
6
6
6

1.543690000
1.706064000
0.604630000
-0.649768000
-0.740648000
0.333965000
2.683593000
-1.542879000
1.453606000
2.470969000
3.636377000
3.710599000
2.624537000
1.530867000
4.467942000
0.539427000
2.354522000
4.583002000
-2.239158000
-3.339099000
-3.435491000
-2.418475000
-1.364300000
-1.279305000
-4.277499000
-4.085497000
-2.436414000
-0.571280000
0.975326000
0.839492000
-0.394964000
-1.498465000
-1.306226000
-0.103603000
1.717947000
-2.471871000
1.567315000
2.621580000
3.654739000
3.549509000
2.422359000
1.474837000
4.513917000
0.767519000
2.641127000
4.301424000
-2.366972000
-3.439883000
-3.322222000
-2.129074000
-1.131422000

-2.529956000
-3.921088000
-4.738243000
-4.160354000
-2.779871000
-1.969138000
-4.348731000
-4.755583000
1.057794000
1.317822000
0.564080000
-0.439949000
-0.659239000
0.117490000
0.738765000
1.628013000
2.096953000
-1.070510000
-1.101940000
-1.117839000
-0.157202000
0.781237000
0.745290000
-0.164251000
-0.147096000
-1.889421000
1.541738000
1.473979000
2.782981000
4.173842000
4.718644000
3.878136000
2.506325000
1.959649000
4.785619000
4.278149000
-0.842354000
-0.961762000
-0.020363000
1.007008000
1.102324000
0.126826000
-0.090757000
-1.567196000
-1.774472000
1.777683000
0.646418000
0.422163000
-0.536430000
-1.244682000
-0.995353000

-0.164428000
-0.161297000
-0.017402000
0.129279000
0.161121000
0.032768000
-0.316429000
0.241091000
-2.294646000
-3.184459000
-3.086950000
-2.142324000
-1.286275000
-1.332909000
-3.756430000
-2.321325000
-3.923297000
-2.088394000
1.423697000
2.276940000
3.270072000
3.381669000
2.486160000
1.502762000
3.948164000
2.160868000
4.149249000
2.534738000
0.276993000
0.118582000
-0.141329000
-0.276172000
-0.176676000
0.091863000
0.249024000
-0.509715000
2.473878000
3.352891000
3.276242000
2.369676000
1.522795000
1.546301000
3.930722000
2.486719000
4.064414000
2.298072000
-1.325784000
-2.198945000
-3.184002000
-3.306081000
-2.392856000
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-1.251292000
-4.141566000
-4.334245000
-1.978816000
-0.199800000
2.654669000
-2.102398000
-3.089040000
0.718565000
-0.515385000
0.115623000
-2.415846000
2.287536000
3.302046000
-3.732384000
-4.185853000
-4.389580000
-3.630258000
3.965276000
3.850654000
4.422740000
4.619482000

-0.104845000
-0.710690000
1.019341000
-1.982846000
-1.536473000
-1.710684000
-2.207003000
-2.753659000
-5.813341000
5.789012000
-0.006465000
1.651221000
2.289221000
3.033875000
2.152380000
2.809403000
1.301715000
2.697071000
-2.218367000
-2.757232000
-2.876798000
-1.368212000

-1.386298000
-3.868511000
-2.126577000
-4.079961000
-2.435063000
-0.370011000
0.430448000
-0.024791000
-0.037523000
-0.247773000
0.090190000
-0.371986000
0.688920000
0.507906000
0.019340000
-0.726647000
0.186244000
0.953922000
0.039606000
0.975985000
-0.702036000
0.215819000
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2% 1GS

OO0, FRPFPPNOCOOOOODR,RFPNOOOOOOOR,EFPPFPEPNOOOOOORPRPFPREPEPNOOOOORPRENOODO OO

1.423123000
1.589922000
0.480097000
-0.760670000
-0.862056000
0.214104000
2.561032000
-1.627264000
1.352623000
2.363893000
3.524517000
3.598278000
2.517661000
1.431415000
4.351599000
0.443628000
2.248035000
4.466582000
-2.275558000
-3.382166000
-3.520948000
-2.539475000
-1.479926000
-1.365351000
-4.372463000
-4.104115000
-2.594046000
-0.697372000
0.895679000
0.809114000
-0.439669000
-1.539564000
-1.381778000
-0.178422000
1.700220000
-2.512518000
1.456589000
2.493295000
3.517552000
3.442491000
2.359564000
1.393154000
4.348389000
0.658805000
2.490502000
4.192477000
-2.463276000
-3.568137000
-3.487296000
-2.298386000
-1.265577000

-2.500659000
-3.880525000
-4.690965000
-4.121636000
-2.734210000
-1.935417000
-4.305416000
-4.741198000
1.077813000
1.310205000
0.547792000
-0.441066000
-0.637726000
0.154213000
0.704396000
1.656201000
2.076578000
-1.076880000
-1.150379000
-1.173476000
-0.184086000

0.796596000

0.754978000
-0.166015000
-0.192943000
-1.971633000
1.577399000
1.496023000
2.800113000
4.180865000
4.766457000
3.956583000
2.565712000
1.996803000
4.771025000
4.389208000
0.792558000
0.858321000
0.075314000
1.062650000
1.074276000
0.140019000
0.042282000
1.517663000
1.637763000
1.835528000
0.729108000
0.489753000
-0.489653000
-1.196334000
-0.924897000

-0.251653000
-0.298565000
-0.145131000
0.074925000
0.144404000
-0.033692000
-0.492651000
0.234739000
-2.402233000
-3.304383000
-3.202500000
-2.242774000
-1.374813000
-1.420682000
-3.882015000
-2.434540000
-4.056676000
-2.183137000
1.359576000
2.219823000
3.172088000
3.280623000
2.403711000
1.426837000
3.839164000
2.161363000
4.025212000
2.451454000
0.190011000
0.186425000
0.019611000
-0.168108000
-0.189273000
0.018885000
0.335353000
-0.339051000
2.430181000
3.344517000
3.274378000
2.305507000
1.431654000
1.467519000
3.965754000
2.453135000
4.093256000
2.225976000
-1.365827000
-2.192346000
-3.161945000
-3.316744000
-2.448291000
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-1.350518000
-4.336641000
-4.462068000
-2.177426000
-0.335063000
2.537417000
-2.109202000
3.845131000
4.289484000
4.513423000
3.728074000
-3.301114000
-3.593710000
-4.120178000
-3.103273000
0.581460000
-0.549560000
0.029428000
-2.494938000
2.247913000
3.247302000
-3.804273000
-4.269337000
-4.455072000
-3.682639000

-0.016884000
-0.685616000
1.083941000
-1.951820000
-1.465585000
-1.668679000
-2.147969000
-2.189805000
-2.861375000
-1.347313000
-2.720974000
-2.899486000
-3.658532000
-2.196508000
-3.379525000
-5.766568000
5.842336000
0.035523000
1.754072000
2.212045000
2.764977000
2.251959000
2.915880000
1.398517000
2.784313000

-1.457625000
-3.802568000
-2.095969000
-4.079155000
-2.514448000
-0.439586000
0.397939000
-0.034200000
-0.771822000
0.127463000
0.906547000
-0.000740000
0.727818000
-0.132825000
-0.955055000
-0.202914000
0.018079000
0.005365000
-0.423031000
0.472062000
0.055957000
0.004318000
-0.726765000
0.179961000
0.943294000
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22, 3MLCT

OO0, FRPFPPNOCOOOOODR,RFPNOOOOOOOR,EFPPFPEPNOOOOOORPRPFPREPEPNOOOOORPRENOODO OO

1.411919000
1.553738000
0.428781000
-0.809615000
-0.897116000
0.198323000
2.519512000
-1.685483000
1.364496000
2.397541000
3.566954000
3.631692000
2.530208000
1.436386000
4.411739000
0.448658000
2.292005000
4.508459000
-2.288430000
-3.402077000
-3.498992000
-2.476120000
-1.417676000
-1.345253000
-4.352035000
-4.156237000
-2.500623000
-0.605807000
0.896384000
0.747227000
-0.501084000
-1.608588000
-1.418315000
-0.193422000
1.627772000
-2.588959000
1.475357000
2.545610000
3.605119000
3.509780000
2.367577000
1.395740000
4.477334000
0.657498000
2.556846000
4.280386000
-2.480416000
-3.583752000
-3.466416000
-2.247523000
-1.219813000

-2.499934000
-3.881619000
-4.674318000
-4.091322000
-2.706134000
-1.920710000
-4.323484000
-4.699822000
1.078254000
1.342017000
0.595866000
-0.409008000
-0.642080000
0.132749000
0.780127000
1.643109000
2.121503000
-1.030851000
-1.111200000
-1.095255000
-0.116008000

0.821034000

0.756729000
-0.159518000
-0.098920000
-1.861104000
1.587281000
1.462820000
2.802757000
4.192382000
4.740753000
3.905276000
2.532336000
1.983665000
4.802960000
4.313203000
0.789322000
0.919208000
0.010322000
1.006090000
1.123158000
0.175196000
0.098455000
1.490489000
1.718230000
1.755099000
0.680277000
0.395604000
-0.562153000
-1.215664000
-0.918057000

-0.227815000
-0.253269000
-0.123584000
0.069194000
0.137568000
-0.030002000
-0.432351000
0.217707000
-2.355316000
-3.219957000
-3.095640000
-2.153824000
-1.322039000
-1.393588000
-3.745456000
-2.400634000
-3.959656000
-2.081780000
1.343529000
2.193728000
3.159210000
3.291730000
2.420772000
1.429915000
3.823846000
2.119855000
4.052245000
2.478197000
0.194492000
0.101644000
-0.077127000
-0.199163000
-0.174490000
0.025912000
0.222444000
-0.381670000
2.381691000
3.232892000
3.114643000
2.196465000
1.377349000
1.441915000
3.748800000
2.427497000
3.959644000
2.096536000
-1.322243000
-2.138952000
-3.122165000
-3.302997000
-2.444293000

175



7. Understanding Excited State Kinetics in Asymmetric Iron(Il) Push-Pull Complexes

7
1
1
1
1
7
7
6
1
1
1
6
1
1
1
1
1
2
7
6
8
6
1
1
1

176

-1.340045000
-4.310159000
-4.501743000
-2.102828000
-0.269684000
2.534977000
-2.135903000
3.837865000
4.267015000
4.514287000
3.710686000
-3.337889000
-3.627386000
-4.150699000
-3.144845000
0.518737000
-0.628711000
0.023693000
-2.524726000
2.225707000
3.233067000
-3.842513000
-4.302513000
-4.488910000
-3.728210000

-0.023251000
-0.782119000
0.947171000
-1.951367000
-1.418910000
-1.694291000
-2.110669000
-2.244794000
-2.899371000
-1.415359000
-2.798635000
-2.857440000
-3.606789000
-2.148474000
-3.342962000
-5.751315000
5.813888000
0.038606000
1.692863000
2.303988000
3.031201000
2.186615000
2.837293000
1.330982000
2.731106000

-1.439247000
-3.762069000
-2.024444000
-4.079854000
-2.526374000
-0.414737000
0.389246000
-0.021347000
-0.781385000
0.166896000
0.903774000
-0.002609000
0.735046000
-0.135429000
-0.954438000
-0.166427000
-0.130923000
0.015267000
-0.383403000
0.540789000
0.306216000
0.029737000
-0.715484000
0.209418000
0.961782000
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22, 3MC
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1
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6
6
6
6
6
7
1
1
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7
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-1.529828000
-1.753938000
-0.677995000
0.591646000
0.756163000
-0.291609000
-2.746195000
1.437950000
-1.574905000
-2.662130000
-3.818457000
-3.830189000
-2.677398000
-1.589827000
-4.700497000
-0.654517000
-2.609843000
-4.704072000
2.400521000
3.693414000
3.975158000
2.978239000
1.740989000
1.466093000
4.969700000
4.455545000
3.161969000
0.931572000
-0.817692000
-0.702866000
0.567840000
1.656543000
1.462743000
0.243071000
-1.581635000
2.641286000
-1.455428000
-2.474692000
-3.458802000
-3.367618000
-2.303851000
-1.371255000
-4.272818000
-0.684417000
-2.488759000
-4.090545000
2.464582000
3.542841000
3.433802000
2.242024000
1.231268000

-2.527937000
-3.902183000
-4.752987000
-4.228188000
-2.845401000
-2.009954000
-4.295741000
-4.875260000
0.990839000
1.239593000
0.494352000
-0.479177000
-0.677937000
0.080592000
0.658085000
1.547216000
1.996876000
-1.093586000
-1.341948000
-1.270740000
-0.285076000
0.601795000
0.474596000
-0.448100000
-0.217100000
-1.980902000
1.372651000
1.149438000
2.895116000
4.271459000
4.823109000
3.992373000
2.604441000
2.076047000
4.885913000
4.407314000
-0.696450000
-0.711035000
0.265127000
1.237897000
1.199445000
0.230107000
0.275784000
-1.449739000
-1.484142000
2.036654000
0.744867000
0.513660000
-0.453843000
-1.160872000
-0.893327000

0.175751000
0.157513000
-0.013828000
-0.169594000
-0.152222000
0.019799000
0.306235000
-0.334232000
2.485072000
3.293568000
3.074894000
2.093966000
1.322928000
1.498200000
3.679611000
2.600719000
4.062177000
1.948705000
-1.214464000
-1.757326000
-2.684124000
-3.084553000
-2.492591000
-1.558767000
-3.104551000
-1.482951000
-3.818640000
-2.739395000
-0.216046000
-0.200411000
-0.066132000
0.089217000
0.130987000
-0.061822000
-0.321172000
0.231336000
-2.470308000
-3.406653000
-3.351142000
-2.368356000
-1.473293000
-1.503096000
-4.062922000
-2.479233000
-4.161802000
-2.295042000
1.341079000
2.203390000
3.181683000
3.308409000
2.414575000
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1.341481000
4.262847000
4.441117000
2.101455000
0.297501000
-2.632644000
2.057981000
-3.914061000
-4.446492000
-4.539061000
-3.728661000
3.149377000
3.555384000
3.944002000
2.777211000
-0.828989000
0.702920000
-0.026534000
2.542014000
-2.178331000
-3.169125000
3.878074000
4.314815000
4.523596000
3.808989000

0.010475000
-0.639209000
1.103177000
-1.913257000
-1.429046000
-1.667838000
-2.326260000
-2.126329000
-2.810121000
-1.255626000
-2.624472000
-3.122772000
-3.850183000
-2.450446000
-3.644451000
-5.824248000
5.896282000
0.072422000
1.754655000
2.321985000
2.873684000
2.232278000
2.899375000
1.368631000
2.749964000

1.420521000
3.851444000
2.124360000
4.070477000
2.458846000
0.338065000
-0.292135000
-0.206292000
0.457784000
-0.391634000
-1.153785000
0.277245000
-0.429853000
0.593446000
1.152922000
-0.027529000
-0.065436000
-0.036973000
0.376571000
-0.494444000
-0.060353000
0.004791000
0.750215000
-0.127045000
-0.947222000
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22, °MC
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1.456755000
1.642065000
0.544995000
-0.699119000
-0.816393000
0.246578000
2.612613000
-1.550766000
1.534884000
2.661678000
3.833028000
3.822915000
2.630128000
1.523974000
4.749568000
0.598845000
2.630510000
4.716283000
-2.309149000
-3.486622000
-3.693456000
-2.727931000
-1.597803000
-1.401988000
-4.597773000
-4.212463000
-2.853316000
-0.816087000
0.826087000
0.719484000
-0.543620000
-1.633736000
-1.449140000
-0.236604000
1.597642000
-2.614083000
1.738000000
2.871929000
3.829775000
3.613866000
2.441219000
1.526064000
4.729601000
0.977996000
2.997909000
4.326749000
-2.620648000
-3.837610000
-3.861352000
-2.682383000
-1.531111000

-2.634735000
-4.011644000
-4.835802000
-4.286909000
-2.899017000
-2.096029000
-4.426976000
-4.922382000
0.931111000
1.267503000
0.563053000
-0.459870000
-0.753589000
-0.027231000
0.800643000
1.451703000
2.062586000
-1.035521000
-1.337337000
-1.344287000
-0.343344000
0.645157000
0.583208000
-0.364422000
-0.343622000
-2.133293000
1.438980000
1.325864000
2.979209000
4.358398000
4.916339000
4.089763000
2.699233000
2.166458000
4.971543000
4.507885000
-0.592343000
-0.619661000
0.370241000
1.356004000
1.321303000
0.354476000
0.376281000
-1.357050000
-1.406197000
2.151119000
0.804442000
0.452419000
-0.597249000
-1.270483000
-0.868910000

-0.283506000
-0.349704000
-0.167813000
0.086275000
0.151967000
-0.041879000
-0.568089000
0.264669000
-2.539142000
-3.251958000
-2.980894000
-2.053675000
-1.374805000
-1.595228000
-3.504104000
-2.686101000
-3.982174000
-1.877959000
1.361845000
2.128607000
3.056394000
3.235426000
2.453036000
1.519879000
3.650260000
2.022645000
3.957288000
2.539730000
0.121471000
0.098738000
-0.074375000
-0.242078000
-0.239439000
-0.036276000
0.231496000
-0.407735000
2.439893000
3.236566000
3.067481000
2.115274000
1.365569000
1.522248000
3.667286000
2.524601000
3.967272000
1.957002000
-1.315191000
-1.920924000
-2.817381000
-3.129959000
-2.492894000
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-1.501007000
-4.795852000
-4.740975000
-2.662290000
-0.586753000
2.575545000
-2.079949000
3.852276000
4.377916000
4.485818000
3.658905000
-3.247072000
-3.549541000
-4.073527000
-3.009269000
0.660462000
-0.670177000
0.023458000
-2.565354000
2.206169000
3.159084000
-3.837560000
-4.396840000
-4.442121000
-3.632324000

Literature

[1]

180

F. Plasser, TheoDORE. A package for theoretical density, orbital relaxation and exciton

0.119870000
-0.881510000
1.000602000
-2.088512000
-1.361906000
-1.787605000
-2.330125000
-2.296712000
-2.931440000
-1.451331000
-2.866392000
-3.106227000
-3.862967000
-2.420635000
-3.590653000
-5.910286000
5.990530000
0.031979000
1.864759000
2.418258000
2.962676000
2.355003000
2.962641000
1.500718000
2.943366000

-1.583806000
-3.282213000
-1.713736000
-3.834828000
-2.677064000
-0.442892000
0.405938000
0.068431000
-0.647769000
0.326485000
0.972501000
-0.027165000
0.699733000
-0.194922000
-0.969251000
-0.222222000
-0.093431000
-0.046195000
-0.409870000
0.366630000
-0.154653000
0.132192000
-0.581514000
0.426985000
1.021160000

analysis, at http://theodore-gc.sourceforge.net.
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The first cyclometalated iron(ll) complex
[Fe(pbpy)(tpy)]* (pbpy: 6-phenyl-2,2’-bipyridine,
tpy: 2:2°,6:2”-terpyridine) was synthesized and
compared to [Fe(tpy)2]** as well as the theoretical
predictions on this complex. As a result of the
cyclometalation the MLCT absorption is
significantly red-shifted and the 3MLCT lifetime is
increased by a factor of 5.5 to 800 fs.
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Excited-State Kinetics of an Air-Stable Cyclometalated Iron(ll)

Complex

Jakob Steube,” INNEGTGTGzNzGNG - Adyla Papcke,® Johannes Moll,' Peter Zimmer,?

Roland Schoch,® Christoph Wélper,!
Matthias Bauer*®

Abstract: The complex class [Fe(NANAC)(NANAN)] ™ with
an Earth-abundant metal ion has been repeatedly sug-
gested as a chromophore and potential photosensitizer
on the basis of quantum chemical calculations. Synthesis
and photophysical properties of the parent complex
[Fe(pbpy)(tpy)]® (Hpbpy=6-phenyl-2,2"-bipyridine and
tpy =2,2":6',2"-terpyridine) of this new chromophore class
are now reported. Ground-state characterization by X-ray
diffraction, electrochemistry, spectroelectrochemistry, UV/
Vis, and X-ray spectroscopy in combination with DFT cal-
culations proves the high impact of the cyclometalating
ligand on the electronic structure. The photophysical
properties are significantly improved compared to the
prototypical [Fe(tpy),]** complex. In particular, the metal-
to-ligand absorption extends into the near-IR and the
3MLCT lifetime increases by 5.5, whereas the metal-cen-
tered excited triplet state is very short-lived. )

The long-standing quest for iron complexes that substitute
noble metals in photochemical applications as photosensitizers
in photocatalytic reactions and as luminescence emitters, is
currently carried out with great effort. To this end, long-lived
metal-to-ligand charge transfer (MLCT) states have to be ach-
ieved in Fe" complexes. Ruthenium(ll) provides this essential
property more or less intrinsically with suited ligands, whereas
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this is not the case in iron(ll) complexes. Because of the much
smaller t,;-e,* ligand field splitting in iron(ll) complexes, the
metal e,* levels are usually lower in energy, which favors a
very fast deactivation of the MLCT states into nonemissive and
catalytically inactive metal-centered (MC) states."?

Approaches to establish iron(ll) complexes as emissive or
photocatalytically active materials follow two fundamental
strategies to prolong MLCT lifetimes: the stabilization of MLCT
states and the destabilization of the MC states. From an appli-
cation point of view, bis(tridentate) ligand-iron(ll) combina-
tions are superior to tris(bidentate) iron(ll) complexes, as the
former ones are typically more inert toward substitution.”’
Since recorded *MLCT lifetimes are so far reported for biden-
tate complexes,” further lifetime engineering in tridentate-co-
ordinated Fe" complexes™® and derivatives thereof are thus
highly important.

An overview of the conceptual approaches to increase the
SMLCT lifetime of Fe' complexes was recently given by
Wenger.” Optimized octahedral symmetry in combination with
m-accepting ligands to lower the ty-levels, or a push-pull
ligand combination to stabilize MLCT states while destabilizing
the MC states, are successful concepts established by McCusk-
er® and Heinze® for [Fe(NANAN),)** chromophores. Exchange
of pyridyl units by N-heterocyclic carbene (NHC) ligands by
Warnmark, Gros, and Bauer lead to [Fe(CyycANACyyc),)*" and
related complexes."®"'? NHCs are stronger o-donors, destabi-
lizing the MC states and thus extending MLCT lifetimes. In
combination with polypyridine ligands in heteroleptic com-
plexes the undesired properties of bis(NHC) ligands to raise
the *MLCT energy can be partially compensated."” For all
these compounds of the type [Fe(NANAN),J>* and
[Fe(CuucaNACuuc)l)* " experimental and theoretical studies com-
plement and support each other.®"

In contrast, quantum chemical predictions provided by Jaku-
bikova et al. and Dixon et al."*'>'% for the effects of exchang-
ing an N-donor by a cyclometalating ligand could not be con-
firmed experimentally so far. Although aryl carbanion ligands
in the form of 2-phenylpyridine, 1,3-di(2-pyridinyl)benzene,
and 6-phenyl-2,2"-bipyridine (Hpbpy already found applications
in the context of noble metal complexes,"”'® air- and water-
stable cyclometalated Fe" compounds, allowing for photo-
chemical applications, are lacking up to date."” With this work
we will fill this gap and present a) a synthetic access to hetero-
leptic, cyclometalated [Fe(NANAN)(NANAC,,)]® complexes,
here in the form of [Fe(pbpy)(tpy)]™ (tpy=2,2"6'2"-terpyri-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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dine) and b) thoroughly investigate the ground- and excited-
state characteristics in comparison to the prototypical complex
[Fe(tpy),]*" to prove the high potential of cyclometalating li-
gands for increasing MLCT lifetimes.

The established synthesis of cyclometalated complexes by
C—H-activation,”®*" as with ruthenium(ll) and other 4d/5d tran-
sition metals, could not be transferred to iron(ll) complexes. In-
stead, an oxidative addition involving the low valent
[Fe(PMe,),] precursor has been developed (Scheme 1). This ap-
proach is similar to that developed by Klein et al. for cyclome-

Brpb
[Fe®(PMes)s] PRy

Scheme 1. Synthesis of cyclometalated complex 2 PF,.

talated nickel(ll) complexes.”” The phosphane iron{0) complex
is treated with the ligand precursor 6-(2-bromophenyl)-2,2'-bi-
pyridine (Brpbpy).”® This results in the octahedral cyclometa-
lated phosphane bromido iron(ll) intermediate trans-FeBr(pb-
py)(PMe;), (1), which can be isolated under inert conditions.
Addition of a stoichiometric amount of terpyridine substitutes
the phosphanes and the halide yielding the air- and water-
stable complex [Fe(pbpy)(tpy)l(PF¢) 2 PF, after anion exchange
(Scheme 1).

Single crystals suitable for X-ray diffraction could be ob-
tained with BPh, as the counterion (Figure 1). As the phenyl
ring is disordered over the two ligands in a one to one ratio,
the Fe—C distance is the mean value of a Fe—N1 and a Fe—C1
bond length. Also, the Fe—N3 distances are the average of the

'I'i--\. ‘:’ \
CBA
..... :{“. ‘_l!:-_ u
A (‘, !

Figure 1. Single-crystal structure of [Fe(tpy)(pbpy)l(BPh,) (2BPh,) drawn with
anisotropic displacement ellipsoids at a 50% probability level. Hydrogen
atoms and the counterion are not displayed for reasons of clarity.
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tpy-Fe-N and pbpy-Fe-N values. Still, a shorter Fe—C1/N1
bond of 1944 A and a slightly elongated Fe-N3 bond of
1.981 A trans to the Fe—C bond compared to the outer Fe—N
bond lengths in [Fe(tpy),)" are observed due to the trans
effect of the strong Fe—C bond.*” These structural results are
in good accordance with the structure calculated by DFT.

The ground-state of 2 is characterized by optical spectrosco-
py, electrochemistry, and spectroelectrochemistry, combined
with advanced hard X-ray spectroscopic techniques. The latter
is less established for photochemical research yet offers a mul-
titude of information about core-excited states. This
in turn allows to calibrate and validate the selected
theoretical approach for the ground state.””*?¢

A low-spin (LS) configuration of 2 is confirmed by
NMR and core-to-core X-ray emission spectroscopy
(CtC-XES)™ at the iron K-edge, similar to the refer-
ence complex [Fe(tpy),)** (3). The LUMO and HOMO
levels are probed in detail by HERFD-XANES (high
energy resolution fluorescence detected XANES)?”
and VtC-XES (valence-to-core X-ray emission spec-
troscopy) in combination with TD-DFT calcula-
tions.”*?*? From the HERFD-XANES prepeak analy-
sis of 2 and 3 it can be deduced that the core-excit-
ed MC states, formed by the metal-centered e,* acceptor orbi-
tals, are destabilized significantly in the cyclometalated com-
plex. This result nicely confirms the chosen approach of using
cyclometalating ligands to destabilize MC excited states of
iron(ll) as has been found in the homologous ruthenium(ll)
complex [Ru(tpy)(pbpy)] *.2"*** In contrast, no significant
effect on the t,, levels by cyclometalation is observed with
WVtC-XES. With VtC-XES, the occupied levels of lower energy are
probed that prove the o-bonding interaction of the pbpy~
ligand and the Fe 3d,? orbital, as well as the stabilization of the
phenyl/polypyridyl ¢ and mt fragment orbitals in 2 as compared
to 3.

Consequently, the Kohn-Sham molecular orbital diagrams
(Figure 2) obtained by DFT calculations with MeCN as the sol-
vent using the SMD solvation model®" show a significant de-
stabilization of the HOMO-t,, levels of reduced degeneracy,"”
in agreement with the strong m-donor properties of the cyclo-
metalating ligand. The LUMO is located at the tpy ligand in 2,
whereas the pbpy~ ligand only contributes to molecular orbi-
tals of higher energy,”” similar to the Ru" congener.®™™ Since
the LUMO is less destabilized than the HOMO, the HOMO-
LUMO gap is decreased by 0.44 eV in 2 compared to 3. The un-
occupied metal-centered e * orbitals of 2 are destabilized, the
d,? orbital to a larger extent than the d,’_’ orbital due to the
covalent Fe—C bond located on the z-axis.*”

According to the MO diagrams, the HOMO and LUMO levels
of 2 are significantly affected by the cyclometalating ligand
(Figure 2). This is furthermore reflected in the electrochemical
properties of 2. The redox potential is significantly lowered by
—0.83 V for the reversible Fe'" redox wave compared to 3
(—0.11 and 0.72 V vs. FcH/FcH ", respectively) as a result of the
larger mi-donor strength of the cyclometalating moiety."*'**”
This agrees with the theoretically predicted destabilization of
the t,g-orbitals by 0.76 eV (Figure 2). A similar value for the

© 2019 Wiley-ViCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. DFT-calculated molecular orbital diagrams of 2 and 3 (def2-TZVPP,
TPSSh, SMD). Levels with significant Fe 3d contribution are shown in red,
levels with significant pbpy contributions in blue.

cathodic shift of 0.74V is known for the [Ru(pbpy)(tpy)]*/**
and [Ru(tpy),)l**”** redox couples.”” The ligand-centered re-
duction waves of 2 are also cathodically shifted (—1.97 and
—2.25V) in comparison to 3, but to a smaller extent. This is
due to a weaker influence of the cyclometalating ligand on the
LUMO levels, which are dominated by the tpy ligand. Conse-
quently, the HOMO-LUMO gap in 2 is smaller than that in 3.

In the electronic absorption spectra, 2 shows a strong pan-
chromatic absorption up into the NIR region (Figure 3) with
broadened peaks due to the lower symmetry"®?"**) and con-
comitant larger t,, splitting in comparison to 3.") The MLCT
maximum of 2 at A,,=618nm (£,,=0.92 10°mMm'em™) is
redshifted compared to that of 3 (4,,=552nm, ¢,,=1.12
10*m~'cm™") due to the destabilized t,, orbitals (Figure 2).

The MLCT absorption bands were assigned using TD-DFT cal-
culations. The high energy shoulder A (Figure 3b) at around
550 nm is mainly characterized by a transition to a *-type or-
bital delocalized on the pbpy ligand, whereas the final state
of B is dominated by a m*-type acceptor orbital located on the
bpy fragment of the pbpy~ ligand. Complementary, C results
from a transition to a tpy mt*-type acceptor orbital. Finally, the
low energy shoulder D is composed of three acceptor orbitals,

Chem. Eur. J. 2019, 25, 11826~ 11830 www.chemeurj.org
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Figure 3. a) Electronic absorption spectra of 2 and 3 (10 *m in MeCN)
b) Comparison of the normalized experimental spectrum of 2 with the
TDDFT calculated spectrum. Dominant acceptor orbitals are shown.

two with mainly tpy w*- and one with bpy m*-character at
pbpy . Solvatochromic shifts in different solvents (MeCN,
MeOH, EtOH, acetone, DCM, and DMSO) confirm the asymmet-
ric charge distribution in these MLCT states.

In luminescence measurements of 2 at 293 K in MeCN, no
emission could be detected. This either points to low-lying MC
states'" or highly distorted MLCT states,®” which cause an effi-
cient nonradiative decay. Excited-state dynamics were thus
probed by ultrafast pump-probe spectroscopy."***! Transient
absorption spectra of 2 in MeCN with a time resolution of
about 50 fs and excitation pulses centered at 615 nm are
shown for selected delay times in the Supporting Information.
Decay associated amplitude spectra (DAS) obtained by a
global fit are depicted in Figure 4.

After optical excitation, the transient absorption spectra of
complex 2 exhibit a maximum at 500 nm and two negative
bands with minima at 425 and 620 nm. The transient signals
decay completely within less than 20 ps. The dynamics were
analyzed by globally fitting a double exponential decay to the
data. The fit reproduces the measurement very well, resulting
in time constants of 7,=0.8 and 7,=12 ps. The corresponding
DAS are compared to the difference spectrum between the
oxidized 2% and 2 obtained from spectroelectrochemical
measurements (Figure 4). For N-heterocyclic carbene iron(ll)
complexes MLCT states have been identified by comparison
with the combination of difference spectra between oxidized

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Decay associated amplitude spectra (DAS) of the two exponential
components with time constants of 0.8 and 12 ps resulting from a double-

exponential global fit (left scale) to the ultrafast absorption measurements.

The DAS are compared to the scaled bleach and scaled difference spectrum
obtained from spectroelectrochemical oxidation measurements (right scale)
of complex 2.

and reduced species and the ground-state spectrum, respec-
tively.""#3 Unfortunately, this procedure cannot be directly
transferred to the cyclometalated complex 2 due to the irrever-
sibility of the reduction process in spectroelectrochemical ex-
periments and the fact, that no characteristic intense, low-
energy LMCT transition is found for the electrochemically gen-
erated Fe" species but merely a rather weak absorption
around 500 nm (Supporting Information, Figure S517; difference
spectrum “27—2" in Figure 4).

The short-lived component (r,) exhibits indeed a weak excit-
ed-state absorption (ESA) signal around 500 nm (Figure 4). The
difference spectrum “2*—2" reasonably matches the DAS (r,)
and consequently, we assign this lifetime to a MLCT state
(Figure 4). Together with the very short lifetime of 0.8 ps, this
component is, therefore, assigned to a *MLCT state with high
confidence. This triplet state is populated after excitation into
a 'MLCT state, followed by ultrafast intersystem crossing.™'"
With this assignment, the [Fe(NANAN)(NANAC,J]T complex
[Fe(pbpy)(tpy)]™ (2), therefore, shows an MLCT lifetime of
08 ps increased by a factor of 5.5 compared to its
[Fe(NANAN),J* T counterpart [Feltpy),)®" 3 exhibiting a MLCT
lifetime of 145 5.5

The longer-lived component is assigned to a *MC state due
to its similarity to the ground-state bleach. Warnmark"®* and
Gros" pointed out for NHC complexes that such behavior in-
dicates a missing population of the *MC state. For a *MC state
typically a nanosecond lifetime is expected due to the double
spin state change required in the relaxation. Thus, the very
short lifetime of 12 ps for 2 makes a contribution of a quintet
*MC state unlikely™” as it would additionally require an elon-
gation of all iron-ligand bonds, which is unlikely due to the
presence of the Fe—C_,, bond.

A conceivable alternative interpretation of the longer-lived
component assigns a second *MLCT state to the 1, lifetime, re-
sulting from an independent excitation of the tpy~ and pbpy~
ligands. The excitation wavelength of 615 nm is indeed excit-
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ing transitions involving different acceptor ligands (Figure 3).
After relaxation and ISC of the individual MLCT states, internal
conversion between *MLCT(tpy) and *MLCT(pbpy) states might
be hindered due to the orthogonal arrangement of the tpy
and pbpy~ ligands. Although the DAS of the two components
resemble each other (apart from the ESA at 500 nm), we con-
sider the scenario of parallel '"MLCT(tpy)—*MLCT(tpy)—'A, and
'"MLCT(pbpy)—*MLCT(pbpy)—'A, relaxation pathways as rather
unlikely. This possibility would require direct relaxation path-
ways from both *MLCT states into the 'A, ground state bypass-
ing the typically involved *MC state. This is very much at odds
with theoretical predictions for such complexes.'®*!

Consequently, the effects of the terminal cyclometalation in
2 are as follows. First, we observe a 'MLCT —*MLCT —*MC—'A,
deactivation cascade, which differs significantly from 3 featur-
ing a long-lived *MC state as the finally populated excited
state.®” Second, the *MLCT lifetime in 2 (r, =0.8 ps) increases
by a factor of 5.5 compared to that of 3 (r,=145 fs).5** This
effect is significant, as complexes with even two NHC ligands
[Fe(CANAQ)(tpy)l* + or [Fe(NANAC),]?* merely yield *MLCT life-
times below 100 fs!"" In principle, the *MC state could still be
lower in energy than the *MLCT state, but would remain un-
populated due to a high activation barrier caused by strong
distortions. Still, our time-resolved measurements confirm the
theoretical calculations of Dixon etal'® and Jakubikova
et al." predicting a *MC < *MLCT < *MC ordering of states in 2,
which is our third conclusion.

In summary, an oxidative addition synthetic access to cyclo-
metalated iron(ll) complexes was developed. This allowed the
ground state, and, in particular, the excited state characteriza-
tion of such chromophores with an Earth-abundant metal ion
filling the so-far existing theory-experiment knowledge gap.
The *MLCT stabilization of 0.95 eV with respect to the reference
bis(terpyridine) iron(ll) complex predicted by theoretical calcu-
lations"® resulted in an increased *MLCT lifetime by a factor of
5.5 accompanied by a bathochromic shift of the absorption
bands into the NIR. Both beneficial effects are mandatory for
future photochemical applications of iron(ll) complexes. To this
end, *MLCT distortion needs to be further probed and finally
controlled to increase the *MLCT lifetime of iron(ll) complexes
with tridentate ligands.
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

Experimental Section

The reactions were carried out under argon atmosphere using standard Schlenk techniques. Dry THF
was obtained from reflux and subsequent distillation over potassium. Solvents were degassed prior to
use. Chemicals were purchased from Sigma Aldrich, TCI or ACROS and used without purification.
NMR spectra were recorded using a Bruker Avance 500 spectrometer. ESI-MS spectra were measured
with a Waters Synapt G2 quadropole — Time of flight spectrometer.

Spectroelectrochemical measurements were carried out on a BioLogic SP-50 and SP-200 voltammetric
analyzer, respectively in a Specac omni-cell liquid transmission cell with CaF, windows equipped with
a Pt gauze working electrode, a Pt counter electrode and a Ag pseudoreference electrode, melt-sealed in
a polyethylene spacer (path length 1 mm for oxidation and 0.5 mm for reduction experiments) using 0.1
M [#-BusN][PFs] as the supporting electrolyte in MeCN. UV/Vis/NIR spectro-electrochemical
absorption spectra were measured on a Jasco V-770 spectrometer for oxidation measurements and on a

Varian Cary 5000 spectrometer for reduction experiments.

Cyclic and square-wave voltammograms were carried out at room-temperature using a compactstat
potentiostat from Ivium with an analyte concentration of 10° M in a MeCN/0.1 M [n-BusN][PF¢]
electrolyte. In a three-electrode configuration, a Pt working electrode (1 mm diameter), Ag/0.01 M
AgNQOs;, 0.1 M [n-BuyN][PFs] in MeCN as reference and a Pt plate (~1 cm? surface area) as a counter
electrode were used. Ferrocene was used as an internal standard and added after the measurements to
refernce them to the respective Fc”* couple. The resulting spectra were analyzed using the Iviumsoft
software (v. 2.794). The redox transitions were checked for reversibility using the diagnostic criteria
from Nicholson" and the Randles-Sevcik equation.?!

Standard UV-Vis absorption spectra were recorded on a Varian Cary 50 spectrometer at a concentration

of 10° M,

The crystallographic data of [Fe(tpy)(pbpy)]BPhs 2 BPh4 were recorded using a Bruker SMART CCD
area detector diffractometer working with graphite monochromated MoK, radiation (A = 0.71073A) at
T =130(2) K. The measurement of [Fe(pbpy)(PMe;).CI]PFs 1a Cl was carried out using a Bruker D8
Kappa II applied with an APEX II detector and monochromated MoK radiation (A= 0.71073A) at
T =100(2) K. Structure solutions were carried out by direct methods,”® full matrix least squares
refinement based on F2.*] All not-hydrogen atoms were refined anisotropically, hydrogen positions were
derived from geometrical reasons and afterwards refined at idealized positions riding on the carbon
atoms with isotropic displacement parameters Ui(H) = 1.2U(C) and d(C-H) = 0.96 A. The methyl
groups are idealized with tetrahedral angles in a combined rotating and rigid group refinement with the

1.5 fold isotropic displacement parameters of the equivalent Uj of the corresponding carbon atom.
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Transient absorption spectra of complex 2 were obtained by a pump-probe setup with a time resolution
of 50 fs using a non-collinear optical parametric amplifier (NOPA) tuned to a center wavelength of
615 nm for pumping and a white light continuum for probing. Both the white light generation and the
NOPA were pumped by a regenerative Ti:sapphire laser system operating at 775 nm and a repetition
rate of 1 kHz. The polarizations of the pump and probe pulses were set to magic angle with respect to
each other to avoid effects due to orientational relaxation. Pump and probe beam were focused onto the
sample to overlapping spots with diameters of approximately 460 pm and 140 pm, respectively. The

sample solution was measured in a fused silica cuvette with a thickness of 100 pm.

Synthesis

Tetrakis(trimethylphosphine)iron(0) and 2,2’:6°,2”-terpyridine were prepared according to the

literature.!!

3-(Dimethylamino)-1-(2-pyridinyl)-2-propenone

2-Acetylpyridine (9.0 mL, 80 mmol) and N, N-dimethylformamide dimethyl acetal (11.2 mL, 80 mmol)
were heated under air under reflux for 6 h. After cooling to room temperature, the dark suspension was
filtered. The solids were washed with pentane (50 mL) and a mixture of pentane and diethylether (2:1,

80 mL) and dried in vacuo. The product was isolated as a light green powder (70 %, 9.87 g, 56 mmol).

'H NMR (500 MHz, CDCl3) & (ppm) = 8.55 (ddd, J=4.8, 1.8, 0.9, 1H), 8.06 (dt, /=7.9, 1.1, 1H), 7.83
(d, J=12.7, 1H), 7.71 (td, J=7.7, 1.8, 1H), 7.28 (ddd, J=7.5, 4.7, 1.3, 1H), 6.38 (d, J=12.7, 1H), 3.08 (s,
3H), 2.90 (s, 3H).

3C NMR (126 MHz, CDCls) & (ppm) = 186.82, 156.24, 154.65, 148.22, 136.63, 125.32, 121.95,91.21,
45.03, 37.40.
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

6-(2-Bromophenyl)-2,2'-bipyridine

o~ i) KOtBu

| _N | B ii) NH,OAc, HOAC

Under argon, a flask was charged with potassium tert-butoxide (8.98 g, 80 mmol) and dry THF (140
mL). Subsequently 2’-bromoacetophenone (7.96 g, 40 mmol) was added. The mixture was stirred for
2 h and 3-(dimethylamino)-1-(2-pyridyl)-2-propenone (7.05 g, 40 mmol) was added in counterstream.
The reaction mixture was stirred for further 14 h. Afterwards, ammonium acetate (30.8 g, 400 mmol)
and acetic acid (50 mL) were added under air. The mixture was heated and the THF was distilled over
in 2 h. The Acetic Acid was removed via rotary evaporator. The black oil was diluted with water
(100 mL) and neutralized with sodium carbonate. The suspension was extracted with DCM (3 x 40 mL)
and the solvent of the organic phase was removed. To the dark oil toluene (40 mL) was added and was
filtered over celite and was washed with a small amount of toluene. The black solution was passed over
a small column of silica and washed further with toluene. The resulting red solution was adsorbed on
silica gel and purified using column chromatography (7 % ethyl acetate in hexane). A yellow oil could
be obtained, which was recrystallized from hexane. The product was isolated as colorless needles (25 %,

3.59 g 11.5 mmol).

'"H NMR (500 MHz, CDCl3) 8 (ppm) = 8.69 (ddd, /= 4.8, 1.8, 0.9 Hz, 1H, 1), 8.52 (dt, /= 8.0, 1.1 Hz,
IH, 4), 8.42 (dd, J=17.9, 1.0 Hz, 1H, 7), 7.90 (t,J = 7.8 Hz, 1H, 8), 7.80 (ddd, /= 8.0, 7.5, 1.8 Hz, 1H,
3),7.74 - 7.69 (m, 1H, 12), 7.64 (dd, J= 7.7, 1.9 Hz, 1H, 15), 7.62 (dd, J= 7.7, 1.0 Hz, 1H, 9), 7.43 (td,
J=17.5,12Hz 1H, 14), 7.34 - 7.29 (m, 1H, 2), 7.30 — 7.24 (m, 1H, 13).

3C NMR (126 MHz, CDCls) 6 (ppm) = 157.99 (10), 156.62 (5), 156.17 (6), 149.50 (1), 141.73 (11),
137.27(3), 137.22 (8), 133.90 (12), 132.09 (15), 130.08 (13), 127.90 (14), 124.93 (9), 124.14(2), 122.39
(16), 121.93 (4), 120.05 (7).

Calculated for CicHiiBrN2: C=61.76, H=3.56 N =9.00
Found: C=61.76, H=3.58, N=9.08
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

[Fe(pbpy)(PMes);Br] (1)

A flask was charged with tetrakis(trimethylphosphine)iron(0) (360 mg, 1 mmol) and dry THF (10 mL)
and cooled to -80 °C in a N»/EtOH bath. 6-(2-Bromophenyl)-2,2"-bipyridine (311 mg, 1 mmol) in THF

(8 mL) was added to the yellow solution and stirred for 2 h.

For isolation of this intermediate, the solution was stirred for further 16 h, while allowing to warm to
room temperature. Subsequently the solvent was removed in vacuo and the resulting brown orange solid
was dried thoroughly to remove residual PMes. The raw product was dissolved in dry toluene (25 mL)
and filtered. The solvent was removed from the filtrate to yield 1 as a dark brown solid (190 mg,
0.37 mmol, 21 %).

'"H NMR (500 MHz, Benzene-ds) & (ppm) = 10.09 (d, J = 5.7 Hz, 1H), 8.65 (d, J = 7.6 Hz, 1H), 7.76
(d, J=7.6 Hz, 1H), 7.42 — 7.18 (m, 4H), 7.01 (d, J = 8.0 Hz, 2H), 6.88 (dd, J = 16.4, 7.7 Hz, 2H), 0.51
(t,J= 3.8 Hz, 18H).

31p NMR (202 MHz, CD) 8 (ppm) = -43.00.

Due to the reactivity towards oxygen, this intermediate readily oxidizes but is stable towards water.
Most of the residue obtained from the filtration is the oxidized complex of 1 (Fe'" instead of Fe'), 1a
with an unknown anion, which was later converted into the PFs salt (yield not determined).

The '"H-NMR spectrum shows only minor impurities, mostly residual solvent. One characteristic triplet
of the methyl groups at 0.51 ppm and only a single resonance in the *'P-NMR spectrum indicates that

the two PMe; ligands are in frans-position.

It is yet unclear if there is any reactivity of 1 towards C-Cl bonds, but after work up of the first reaction
using chloroform and dichloromethane following the further reaction with terpyridine (see synthesis of
2), compound 1a-Cl was obtained, where a chlorido ligand is coordinated to iron instead of a bromido

ligand (1a). Crystals of the chlorido complex suitable for X-ray diffraction were obtained by slowly
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diffusing pentane into a solution containing both 1a-Cl and 2 (cf. fig. S1). The crystal structure confirms

the trans position of the trimethyl phosphane ligands.

[Fe(pbpy)(tpy)|PFs (2)

To the reaction mixture of [FeBr(pbpy)(PMes):] (1), terpyridine (233 mg, 1 mmol) was added and the
solution was stirred overnight and allowed to warm to room temperature, The solvent was removed and
the dark residue was redissolved in a minimal amount of methanol (15 mL) under air. The dark solution
was added dropwise to a large excess of diethylether (200 mL). The suspension was stirred for 20
minutes and filtered.

The purple residue was washed with water to remove the bis(terpyridine) complex 3, until the filtrate
acquired a pale blue color. This indicated that only 2 Br was left which has a low solubility in water.
For yield maximation it is possible to extract the aqueous phase with DCM. The residue was dissolved
in methanol (20 mL) and stirred with KPFs (2 eq. 368 mg) for 30 minutes, after which 80 mL water
were added. The green precipitate was purified using reversed phase column chromatography (C18
Silica, 17 % C) with methanol as eluent. The eluting green band was collected. This chromatographic
procedure was repeated two times. The green raw product was crystallized from acetone/pentane to yield
dark green crystals of 2 (26 %, 171 mg, 0.26 mmol) based on [Fe(PMe3)4].

'"H NMR (500 MHz, Acetone-de) 8 (ppm) = 8.89 (d, J = 7.9 Hz, 2H, 23), 8.67 (d, J = 2.9 Hz, 1H, 10),
8.66 (d, J= 3.1 Hz, 1H, 13), 8.52 (d, J = 8.0 Hz, 2H, 17), 8.46 (d, J = 8.0 Hz, 1H, 8), 8.38 — 8.34 (m,
1H, 9), 8.34 — 8.31 (m, 1H, 24), 7.98 — 7.93 (m, 1H, 14), 7.93 - 7.90 (m, 1H, 5), 7.73 (td, J= 7.7, 1.5
Hz, 2H, 18), 7.64 (d, J = 5.4 Hz, 1H, 16), 7.18 (ddd, J= 7.1, 5.5, 1.2 Hz, 1H, 15), 7.09 (d, J = 5.7 Hz,
2H, 20), 7.00 (ddd, J = 7.2, 5.7, 1.3 Hz, 2H, 19), 6.75 (td, J = 7.4, 1.2 Hz, 1H, 4), 6.47 (td, J= 7.3, 1.3
Hz, 1H, 3), 5.70 (dd, J= 7.5, 1.1 Hz, 1H, 2).
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13C NMR (126 MHz, Acetone-ds) 3 (ppm) = 196.84 (1), 168.69 (7), 158.53 (21), 158.51 (11), 158.05
(12), 157.53 (22), 151.89 (16), 151.00 (20), 147.80 (6), 138.29 (14), 137.05 (9), 136.06 (2), 135.48 (18),
130.29 (24), 128.94 (3), 126.99 (15), 126.13 (19), 124.84 (5), 123.71 (13), 123.12 (4), 122.83 (17),
121.96 (23), 119.64 (10), 118.73 (8).

HRMS (ESI): m/z [M-PFs] calculated for C3;Ha2FeNs: 520.1225, found: 520.1283 m/z

Elemental analysis calculated for C; H22FsFeNsP: C = 55.96, H=3.33, N=10.59

Found: C=55.71,H=3.47, N=10.51

UV-Vis (MeCN): A (¢) = 416 nm (0.77 10* M em™), 618 nm, (0.92 10°M"'em™), 670 nm
(0.76 10* M cm™), 806 nm (0.17 10* M em™)

[Fe(pbpy)(tpy)|(BPhy) (2 BPhy)

[Fe(pbpy)(tpy)](PFs) (0.006 mmol, 3.6 mg) was dissolved in MeOH (2 mL) and NaBPhy (4 eq.,
0.024 mmol, 8.2 mg) was added. The green precipitate was filtered off and washed thoroughly with
water. The product was dissolved in a miniscule amount of DCM and layered with n-hexane. Single

crystals of 2BPhs were obtained after a few days (3.8 mg, 0.0045 mmol, 75 %).
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Quantum chemical calculations

All calculations presented here were performed using the ORCA program system (version 4.0.1).1"!
Unconstrained geometry optimizations were conducted via the PBEh-3¢ method of the Grimme group.®
All presented optimized structures are confirmed to be minima structures by numerical frequency
calculations and the absence of negative frequencies. Correction for dispersion interaction was included
by DFT-D3 with Becke-Johnson damping (D3BJ)™! for all calculations presented here.

TD-DFT XANES!"” and DFT VtC-XES!"'! calculations were accomplished using a modified TPSSh{'?!
functional, with an adjusted Hartree-Fock exchange of 12.5 %!"*'®) in conjunction with the RIJCOSX
approximation and the def2-TZVP!'"basis set, combined with the def2-TZVP/J!"¥ auxiliary basis set
(with a special integration accuracy of 5) on all atoms except Fe, for which the expanded CP(PPP) basis
set!”! (with a special integration accuracy of 7) was used.

TD-DFT UV/VIS calculations were accomplished using a modified TPSSh functional, with an adjusted
Hartree-Fock exchange of 5 % in conjunction with the RIJCOSX approximation and the def2-TZVP
basis set,!'”) combined with the def2-TZVP/J!"¥) auxiliary basis set (with a special integration accuracy
of 5) on all atoms. It has been shown in a previous computational study of complexes 2 and 3 that the
non-hybrid functional TPSS!"?' outperforms the hybrid functional TPSSh (10 % Hartree-Fock
exchange).?” Nevertheless, we observed a benefit of a slight inclusion of only 5 % Hartree-Fock
exchange in respect to the overall accuracy of modelling the whole UV/VIS spectra (see figure S15),
especially concerning the splitting between MLCT features and ligand localized features for both
complexes (2 and 3).

TD-DFT UV/VIS transitions were broadened by a 1750 cm™ Gaussian (fwhm) and shifted
by -1900 cm™'. Kohn-Sham orbitals were visualized with the IboView program (version 20150427).2!
Orbital populations were extracted via Lowdin Reduced Orbital Population Analysis using MOAnalyzer
(version 1.2).2%

DFT levels shown in the manuscript were calculated using the TPSSh functional in conjunction with the
def2-TZVPP basis set using very tight SCF convergence criteria (energy change of 10 au). Solvation

by acetonitrile is covered by the SMD solvation model.**)

X-Ray spectroscopy

CtC-XES
Core-to-core X-ray emission spectroscopy (CtC-XES, Kf;3 emission),**?>?7) valence-to-core X-ray

emission spectroscopy (VtC-XES, Kf»s emission)8-<11.28] and high energy resolution fluorescence

8
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detected XANES (HERFD-XANES)?! were performed in the solid state and the results compared to

the reference complex 3.

1.0 4
] —2 CtC-XES

094 —3

0.8_: 1.0

0.6

0.34 7056 7057 7058 7059 7060

L L L L L e . e
7035 7040 7045 7050 7055 7060 7065 7070
energy / eV

Figure S1: Experimental CtC-XES spectra of complexes 2 and 3

The obtained CtC-XES spectrum of 2 is compared to the spectrum of the reference complex 3 in
figure S3. Both complexes (2, 3) are clearly in a low-spin configuration (LS, S = 0), since the satellite
(Kf) is not separated from the mainline (K, ;) and the intensity ratio between both signals (K8 /Kf 3)
is small.l”!

Nevertheless, the mainline is slightly red shifted for complex 2 in relation to 3. Since both complexes
are in a Fe 3d® LS configuration, this shift is interpreted as an increased covalency between the central
Fe atom and the pbpy ligand (2) compared to tpy (3).1°")

HERFD-XANES

In general, a well-resolved, asymmetrical pre-edge feature A at around 7114 eV and three near-edge
features B (at around 7118 eV), C (at around 7123 eV) and D (at around 7125 eV), are observed (see
figure S4, top). Since near-edge features are caused by transition to higher LUMO levels, we will focus
on the pre-edge feature A. A slightly increased pre-edge energy is observed for 2 (7113.8 eV), in

comparison to 3 (7113.6 eV). To understand the quantum mechanical origin of the observed HERFD-
9
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

XANES features, TD-DFT XANES calculations applying the TPSSh functional with an adjusted
Hartree-Fock exchange of 12.5 % were performed (Figure S4, bottom).I'*'®) Since an excellent
agreement between experiment and theory is obtained, further information of the underlying transitions
can be extracted. For both 2 and 3 the pre-edge feature A consists mainly of Fe 1s — e,* transitions,
superimposed by contributions of tpy n* dominated acceptor orbitals (predominant acceptor orbitals of
predominant core-excited states S1 to S5 are shown in figure S4). Therefore, the experimentally
observed blue shift of pre-edge feature A of complex 2 in relation to 3 is attributed to a destabilization

of the e,* and / or tpy n* energies.

1.0 5
5 12 S1
06 _— %‘f{ﬁ“
. {232
(U04_- — il
e 1 T 7112 7113 7114 7115 7116
0.0 -
10 4
8 -
- ]
o 64
g 4 - AT 712 7113 7114 ?11_
(U ] -
2]
0 - -.—'-—__ [
v 1 " " " 1 " v ]
7112 7114 7116 7118 7120 7122 7124

energy / eV

Figure 82: Experimental Fe K-edge HERFD-XANES spectra of complexes 2 and 3 (top) in comparison
to theoretical Fe K-edge XANES spectra (bottom).

VtC-XES

Complementary to HERFD-XANES, VtC-XES was applied to characterize the HOMO states of 2.
Experimental spectra are shown in figure S5 (top). The VtC-XES spectrum is dominated by a strong
band, which can be divided into four spectral regions: low-energy shoulder A, main feature B, shoulder
C and high-energy feature D. The low-energy shoulder A and the main feature B of 2 are decreased in
intensity and red shifted in relation to 3. The high-energy shoulder C is only observed for the

10
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

cyclometalated complex 2 and is not expected to appear in Fe"" polypyridyl/NHC complexes,!"® since it
is connected to the interaction of the pbpy ligand and the Fe center (cf. figure S5, bottom).

The VtC-XES spectra were simulated by DFT calculations using an adjusted TPSSh functional (for
details see quantum-chemical calculations section). Theory and experiment agree very well (see Figure
S5). The low-energy shoulder A is caused by phenyl/polypyridyl ¢ donor orbitals, while the main feature
B originates from a superposition phenyl/polypyridyl o/m donor orbitals (donor orbitals of the
predominant transitions of VtC-XES features A - D are shown in Figure S5), in line with previous studies
on similar compounds.!'®! Therefore, the observed redshift of feature A and B of complex 2 is led back
to a stabilization of the phenyl/polypyridyl ¢ and m levels in relation to 3. The additional feature C is
caused by a single transition of a donor orbital which reflects the ¢ bonding interaction of the pbpy”

ligand and the Fe 3d,: orbital.

10— 2
5 1.
5 0.8 3
£ 067
£ 0.4 -
2 0.2
0.0 Jmpmmerrr
40 2 calc.
]—— 3 calc.
. 30 -
~
© ]
~ 20 -
€
10
0 h e = | . il
7080 7085 7090 7095 7100 7105 7110 7115

energy / eV

Figure S3: Experimental Fe K-edge VtC-XES spectra of complexes 2 and 3 (top) in comparison to
theoretical Fe K-edge VtC-XES spectra (bottom).

Electrochemistry
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1/ pA —
o
1

-40

-t T 1 -1~ Tr-~1Tr 1T~ T1° -1 71
30 25 -20 -15 -1.0 -05 00 05 10 15 20
U/VvsFeFct —»

Figure S4: Cyclic voltammogram of 2 and 3 (scan rate 100 mV/s, MeCN),
The data for the [Fe(tpy)2](PFs): complex 3 was already published.*"

[y

W

— — .
30 25 -20 -15 -10 05 00 05 10 15 20
urv

Figure S5: Cyclic voltammogram (scan rate 100 mV/s) and square-wave voltammogram (25 Hz) of
[Fe(pbpy)(tpy)]PFs 2 in MeCN.
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

Table S 1: Electrochemical data for the reversible oxidation at E*;;=-0.11 V vs. Fc”* of complex 2.

v/ mV/s 50 100 200 400 600 800 1000
Epe / V -0.15 -0.15 -0.15 -0.15 -0.15 -0.15 -0.16
Epa /! V -0.07 -0.07 -0.07 -0.07 -0.07 -0.06 -0.06
Ein/V -0.11 -0.11 -0.11 -0.11 -0.11 -0.11 -0.11
Ipe / BA -1.23 -1.71 -2.49 23.60 4.42 -5.14 -5.68
Ipa / BA 1.22 1.73 2.57 3.75 4.47 5.19 5.85
AE / mV 85 -80 75 75 -85 90 95
/1, 1.01 0.99 0.97 0.96 0.99 0.99 097
| e 0.17 0.17 0.18 0.18 0.18 0.18 0.18
Ipa/v'2| 0.17 0.17 0.18 0.19 0.18 0.18 0.18
10
R? =0.99
. A
51 A
Vi
<
2 0-
5- T
i\
R?=0.99
'10 T I I
5 10 25 30 35

Figure S6: Linear dependence of forward current peaks I, and I, versus the square root of the scan rate

v for the reversible oxidation at E%; 2= -0.11 V vs. Fc"" of complex 2.
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

Table S2: Electrochemical data for the irreversible oxidation at E% 2= 1.37 V vs. Fc"* of complex 2.

10

15

20

172

25

30

35

v/ mV/s 50 100 200 400 600 800 1000
Epe /' V 1.31 1.31 1.30 1.30 1.29 1.28 1.27
Ep/V 1.42 1.42 1.43 1.44 1.45 1.46 1.47
Ein/V 1.37 1.37 1.37 1.37 1.37 1.37 1.37
Ipe / HA -1.03 -1.39 -1.89 -2.43 =2.72 -3.00 -3.12
Lpa / A 1.06 1.46 1.96 2.55 2.92 3.17 3.33
AE /mV 110 110 130 140 160 180 200
|Te/Tq| 0.97 0.96 0.96 0.95 0.93 0.95 0.94
) ! 0.15 0.14 0.13 0.12 0.11 0.11 0.10
Tpa/v"| 0.15 0.15 0.14 0.13 0.12 0.11 0.11
10
2 —
5 - R? = 0.99
-5 -
‘10 T T T T 1

Figure S7: Linear dependence of forward current peaks I and I, versus the square root of the scan

rate v for the irreversible oxidation at E*;2= 1.37 V vs. Fc"" of complex 2. Encircled data points (v =

600, 800, 1000 mv/s) are excluded from the linear fit. This means that the Randles-Sevcik equation is

only valid for the 50-400 mV/s scan rates.
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

Table S3: Electrochemical data for the quasireversible reduction at E% »=-1.96 V vs. F¢”* of complex

2.
v/mVis 50 100 200 400 600 800 1000
Epe/ V 2.00 2.00 2.00 2.00 2.00 201 2.01
Epa/ V -1.91 -1.92 -1.92 -1.92 -1.92 -1.92 -1.91
Ein /V -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96
I/ HA -1.04 -1.50 -2.39 -3.46 -4.00 -4.64 481
Ipa / BA 1.08 1.58 2.25 3.29 3.89 4.32 481
AE/ mV 90 80 75 80 80 90 100
/L] 1.04 1.05 0.94 0.95 0.97 0.93 1.00
/v 0.15 0.15 0.17 0.17 0.16 0.16 0.15
lpa/v'?| 0.15 0.16 0.16 0.16 0.16 0.15 0.15

10 -
5 -
A
s
= 0 -
= L
—_
-5 -
-10 . ; : . . ]
5 10 15 20 25 30 35
V‘HZ

Figure S8: Linear dependence of forward current peaks I, and I, versus the square root of the scan
rate v for the quasireversible reduction at E% o= -1.96 V vs. Fc"* of complex 2. Encircled data points
(v =600, 800, 1000 mv/s) are excluded from the linear fit. This means that the Randles-Sevcik

equation is only valid for the 50-400 mV/s scan rates.
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

Table S4: Electrochemical data for the quasireversible reduction at E®; ;= -2.25 V vs. F¢* of complex

2.
v/ mV/s 50 100 200 400 600 800 1000
Epe/ V 230 230 -2.29 -2.29 230 2230 231
Ep/V 221 222 2.22 -2.22 222 221 221
Ein/V 225 2.26 2.25 2.26 2.26 2.26 2226
Tpe / LA -1.14 -1.41 2.16 -3.24 -3.89 -4.56 -4.89
Ipa / A 1.05 1.43 2.24 3.34 3.91 4.50 4.96
AE / mV 85 80 75 70 80 90 100
/1| 0.92 1.01 1.04 1.03 1.01 0.99 1.01
e/ V72| 0.16 0.14 0.15 0.16 0.16 0.16 0.15
| e 0.15 0.14 0.16 0.17 0.16 0.16 0.16

10 -
R?=0.99
v
X
0 -
TN L
e
R?=0.99
'1 0 ] ] ] I 1 1
5 10 15 20 25 30 35
V'IFZ

Figure S9: Linear dependence of forward current peaks Ipe and ;. versus the square root of the scan rate
v for the quasireversible reduction at E%;p= -2.25 V vs. Fc"" of complex 2. Encircled data points (v =
800, 1000 mv/s) are excluded from the linear fit. This means that the Randles-Sevcik equation is only
valid for the 50-600 mV/s scan rates.
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

UV-Vis Spectroscopy

— [Fe(tpy)(pbpy)]PF; (2)
— [Fe(tpy),l(PFg), (3)

£/ 10*M "' cm™

200 300 400 500 600 700 800 900
Alnm

Figure S10: Electronic absorption spectra of 2 and 3 in MeCN

The data for the [Fe(tpy).](PFs)> complex 3 was already published.*”

The absorption properties of 2 and 3 are quite different. While the absorption maximum in 3 is located
at 552 nm, the absorption maximum in 2 is bathochromically shifted to 618 nm. The absorption itself
reaches up into the NIR with shoulders at 670 and 806 nm.

The bands below 375 nm are caused by ligand localized transitions. The bands above 375 nm are
expected to be MLCT-based transitions. The exact assignment was done via TD-DFT calculations and
is further discussed in the “quantum chemical calculations” paragraph. Table S5 summarizes the main

donor and acceptor orbitals from the transitions in the 500-900 nm region.

The complex was also examined for solvatochromism, as shown in figure S13. UV-Vis absorption
spectra were recorded in methanol, ethanol, acetonitrile (MeCN), dichloromethane (DCM),
dimethylsulfoxide (DMSO), and acetone at a respective concentration of 10 M and normalized to the
MLCT-absorption maximum. Beside of DMSO, the spectral position of the absorption maximum

correlates linearly with the permittivity € of the solvents and increasing the permittivity by going from
18
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

DCM to MeCN results in a small hypsochromic shift (AA = -9 nm; +232 cm™* difference) (figure S14).

Using ET(30) values®" no such correlation with shifts of the absorption band is found.

Figure S11: MLCT-absorption maxima normalized to 1 of (2) in different solvents (10~ mol L).

208

normalized Intensity / a.u.

1,0 -

0,2 1

0,0

—— DMSO
DCM
—— MeCN
EtOH
—— MeOH
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—
560 580 600 620 640 660 680 700 720 74
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(ll) Complex

50 -
| |
DMSO
40 -
MeCN
B
MeOH
n
. 30 4
3
©
o EtOH
- |
20 Acetone
10 +
]
DCM
618 620 622 624 626 628
A/ nm

Figure S12: Wavelength of the MLCT absorption maxima of (2) in different solvents plotted versus
the relative permittivity of the respective solvent. The linear fit excludes the data point of DMSO since

it severely deviates from the overall trend.
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(ll) Complex

Calculated UV/VIS spectra

wavelengths / nm

900750 600 450 300
1.0 ~preprerr e ———————————;
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480000 ©
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60000 &
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Figure S13: Experimental UV/VIS/NIR spectra of 2 and 3 in DCM (top) in comparison to theoretical
UV/VIS/NIR spectra (bottom).
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wavelength / nm
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Figure S14: Experimental UV/VIS of 2 in DCM (top) in comparison to theoretical UV/VIS spectrum
(bottom). Predominant transitions are labeled by their singlet excited state order, with 1 being the

transition to singlet excited state of lowest energy.

The theoretical UV/VIS spectra of 2 and 3 were calculated by TDDFT using the TPSSh functional with
an adjusted Hartree-Fock exchange to 5 %. An overall impressive agreement could be achieved (as
shown in figure S15), especially in the low-energy region from 500 — 900 nm (figure S16, which allows
an extraction of detailed information about the involved molecular levels and their chemical nature.
Since our main interest here is the MLCT region, we will focus on the low-energy signal of complex 2
for clarity, located between 500 and 900 nm.

In general, four spectral features are observed in the MLCT region, starting with the high-energy
shoulder A, followed by main feature B and low-energy shoulders C and D. All underlying predominant
transitions (figure S16, labeled transitions 1 — 9) are caused by Fe localized donor orbitals, which reflect
the Fe ts, orbitals (HOMO-2, HOMO-1, HOMO; detailed information about the excited state
composition is given in table S5; acceptor and donor orbital compositions are given in table S5). High-
energy shoulder A is solely caused by a transition to singlet excited state 9, whose predominant acceptor

orbital is the LUMO+3, reflecting a pbpy n* orbital. Only minor proportions of the LUMO+1 reflecting

22
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

the antibonding Fe 3d..y. — tpy m* and the LUMO+2, reflecting the Fe 3d,, — bpy n* interaction are
contributing to excited state 9 (see supporting information table S6). Main feature B is evoked by
transition 8, which is composed of the LUMO+2 (Fe 3dy, — bpy n*) as the predominant acceptor and the
LUMO+1 (Fe 3d,zy. — tpy ™*) as the minor acceptor. Transition 6 is causing shoulder C, with the LUMO
as the main acceptor, which reflects a tpy n* orbital and the LUMO+2 (Fe 3d., — bpy n*) as secondary
acceptor. Low-energy shoulder D is caused by three transitions, 1, 2 and 3 (see table S5), with the
predominant acceptors LUMO+1 (Fe 3dyy. — tpy n¥), LUMO (tpy n*) and LUMO+2 (Fe 3d.y, — bpy

7*). No additional significant secondary contributions to the excited states 1, 2 and 3 are observed.
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

Table S5: Detailed information about the excited state composition of predominant transition causing

low-energy UV/VIS/NIR features A — D of complex 2 (Figure S21). Only transitions occupying at least

10 % of the excited state composition are taken into account for clarity.

Feature Order

A 9
B 8
G 6
D 3

2

Excited state composition

HOMO = LUMO+3 (0.55)

HOMO-1
HOMO-2

HOMO-2
HOMO-1

HOMO-1
HOMO-1

HOMO
HOMO
HOMO

—-

—

LUMO+1 (0.16)
LUMO+2 (0.10)

LUMO+2 (0.55)

- LUMO+I (0.28)

LUMO  (0.61)
LUMO+2 (0.23)

LUMO+2 (0.90)
LUMO (0.92)
LUMO+1 (0.92)

Donor

HOMO-2

Acceptor

LUMO+I

Table S6: AO populations of predominant acceptor and donor orbitals of the MLCT transitions in the
UV/VIS/NIR spectrum.

Element /

ligand /

Population®® / %

fragment

tpy

2.1

14.7

6.6

bpy (pbpy)

8.6

1.1 5

1.7

ph (pbpy)

2.5

2.1 13.1

0.3 0.7

Ll L+1[e L+2[] L+3[]
1.4 12.9 6.3 2.1
7.1 7.6

are the sum over all AOs of a given element or fragment.

[al Population of the given element via Loewdin reduced orbital population analysis. All given values

*IH : HOMO, ¥/ L : LUMO
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8. Excited-State Kinetics of an Air-Stable Cyclometalated Iron(Il) Complex

XYZ coordinates of all optimized structures:

Optimized structure of 3:

59

o0z o0zooco0a0o0aoz o000

O 00 0 00 2 000600020

214

5.04873391857648
6.11165793721858
6.37638753986199
5.55423294314135
4.53995155575388
4.26538233180264
3.09854604370143
5.65776972209847
6.63212162070624
6.63956788666347
5.67009158734726
4.72834646630151
4.71590081425521
1.51107374898522
2.61860210795344
2.51768985671111
1.45721553620322
0.91928423947501
3.42648682850047
2.63431401913328
2.31052411143759
1.24105756118405
0.41079295662243
0.72631019847266
1.84616933610325
1.08947475261901
3.85563766368586
2.04810593489426
1.99421935341340
0.99320132457794
0.00681464045214
0.05696551216582
6.12908824158791

2.90881959139104
2.05310485324152
1.62060597526765
2.06569013456251
2.88753012196515
3.31640980298293
4,21264589894118
1.72889107217986
0.89816469702652
0.64474492549012
1.23169848673194
2.05179370867612
2.29899028287865
5.62302784741817
4.79258639307887
4.43376436455490
5.23021204324965
5.84617513215441
3.46403047061360
5.14835137543843
4.03555153194229
3.30390500043642
3.69026326855477
4.84582592311539
5.58989788504347
2.12077080228129
5.78378698451933
1.98689166131232
0.94808107241297
-0.00745785197328
0.12475768944686
1.20692286159302
6.79652352055865

-4.30698938987414
-4.05703785731485
-2.76576830958664
-1.74039936975324
-2.00566617263250
-3.23662562706555
-3.28206158452367
-0.31121747425080
0.21484310183638
1.57738126971416
2.36997752188489
1.77051935150979
0.46627775644637
-4.37610888844452
-4.44376420379448
-2.08605652948038
-2.02817834537639
-3.14621258378318
-0.56441880189273
1.53378968280025
0.87702286744759
1.18624584166730
2.22878643938646
2.92853074722173
2.58696215893623
0.32369167878132
1.01306410842467
-0.61423673752151
-1.43903920121182
-1.37830368197635
-0.41795743910423
0.44644919358886
-0.10094629038933
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5.53028737619034
4.42367972287162
4.39536343024871
5.55084531963741
6.73727317085112
4.84690706876410
7.20489650141915
7.38084562966121
7.39184852239768
5.63643762771616
3.95877476451813
3.09647295731823
1.11998080491300
0.05446923124751
1.01499352183180
5.96060432320803
7.02969857256080
5.98907830047317
3.92710004246005
2.08705940414004
0.09544646007580
-0.46262636926466
-0.70358167420050
-0.79095008377397
0.99506326864025
2.77832881448821

Optimized structure of 2:

59

O 0O 0 0 Z2 0 00

-3.46611127795230
-3.54683337654611
-2.90391529377373
-2.22116012104150
-2.14279089461917
-2.76289467725263
-2.89240802668868
-3.53575133970865

5.63484279666717
5.13541456825054
6.95006953873171
7.46586493075097
1.72057764736325
3.24142972941077
0.95321106684960
0.44968585551355
-0.00100140815501
1.06264112091537
2.52417109538803
4.60496087471390
6.08622193485259
6.48581654897691
5.38640641805557
5.09072124597273
7.16131913098172
8.37569174260503
7.45738226817046
6.48876477325191
5.16843382013609
3.11495989635580
1.32950247603287
-0.60083936023412
-0.83451621889679
0.86968898025268

0.02295240893246
-1.23072056929200
-1.43701544686603
-0.44882707888722
0.76767533827102
1.04024519420368
-2.66838095646685
-3.83916459575320

-0.56007394155931
-0.02308400013848
1.52750167419909
0.96221248871001
-4.87395474784508
-5.31492169664719
-2.57746869844870
-0.42253008002359
2.00886912034962
3.43652897290001
2.36569772795763
-5.39475461352339
-5.27142504923848
-3.04521730340792
-1.05367147207593
-1.38978530031311
-0.57324430486679
1.34855526055099
2.35895324536066
3.13587608983056
3.74538811160930
2.49990820339273
1.20435336324951
-0.33939277496416
-2.07344650283500
2.17972900389262

2.65466417803603
2.06805770749277
0.85608411214570
0.27760001747021
0.81710932017977
2.02788805212421
0.05710234657080
0.42660388052777
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Spectroelectrochemistry
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Figure S15: Changes in the UV/vis/NIR spectra during the oxidation of 2 to 2* (0.0 V — 2.0 V) in
MeCN/[n-BusN][PFs] during OTTLE spectroelectrochemistry. Maxima and isosbestic points

indicated.
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Figure S16: Changes in the UV/vis/NIR spectra during the oxidation of 2 to 2* (0.0 V — 2.5 V) in
MeCN/[n-BuN][PFs] during OTTLE spectroelectrochemistry (zoom in the CT region). Maxima and

isosbestic points indicated.
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Figure S17: Changes in the UV/vis/NIR spectra during the re-reduction of 2*to 2 (2.0 V— -0.4 V) in

MeCN/[n-BusN][PFs] during OTTLE spectroelectrochemistry. Maxima and isosbestic points

indicated.
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20
initial (- 1.0 V)
230 ——final (-1.8 V)

18 I 250
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1
1000
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Figure S18: Changes in the UV/vis/NIR spectra during the reduction of 2t0 2" (-1.0 V— -1.8 V) in
MeCN/[n-BusN][PFs] during OTTLE spectroelectrochemistry. Maxima and isosbestic points indicated.
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Abs. [ a. u.
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Figure S19: Changes in the UV/vis/NIR spectra during the attempted re-oxidation of 2 to 2 (-1.8 V —

-1.25 V) in MeCN/[n-BusN][PF¢] during OTTLE spectroelectrochemistry. Clearly, the reduction is

irreversible on the timescale of the spectroelectrochemical experiment.
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Ultrafast Pump-Probe Spectroscopy

Ultrafast pump-probe measurements were performed on 2 dissolved in acetonitrile applying excitation
pulses centered at 615 nm. Figure S22 a) shows recorded transient spectra for the specified delay times
between probe and pump. The data were analyzed by a global double exponential fit. The resulting

decay associated amplitude spectra (DAS) are depicted in Figure S22 b) and labelled with the obtained

decay times.
400 500 . N

a) T : . '

0.0 -ﬁ-ﬂ -
o
X time / ps
< 0T —0.1 -
5 —1

4

_‘l '0 B 10
b) —4 : | : |

) \ -~ 0.0
O e}
: o
: 3
T 0.5 :;.

—12ps  blsach
-1.0 1 . . | | - I )
400 500 - "
/l.l nm

Figure S20: (a) Transient absorption spectra of 2 in acetonitrile at the specified delay times after optical
excitation at 615 nm. (b) DAS of two exponential components with time constants of 0.8 ps and 12 ps
obtained by a double exponential global fit (left scale). The DAS are compared to the scaled bleach
(right scale) of complex 2.

The graph shows for comparison also the scaled bleach, i.e. the inverted ground state absorption
spectrum. Both DAS are similar to the bleach with dominating negative signals which means that most
of the observed absorption change is due depopulation of the electronic ground state. The DAS of the
shorter time constant exhibits at S00 nm and below 400 nm positive contributions demonstrating that
also excited state absorption (ESA) is present. The observation of two steps in the excited state dynamics
points to the following relaxation scenario. The 'MLCT singlet state excited. However, iron(II)
complexes exhibit typically an extremely fast intersystem crossing!'®*! and the *MLCT triplet state is
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most probably populated within the time resolution of our pump-probe measurements. This notion is
supported by the absence of any fluorescence. The short time constant of 0.8 ps reflects the depopulation
of the *MLCT state into the *MC state. The latter decays with a lifetime of 12 ps back to the electronic
ground state resulting thereafter in a completely recovered ground state absorption.

To check for solvent effects, additional transient absorption measurements were performed with 2
dissolved in dichloromethane and methanol. There, a very similar behavior as for MeCN was observed,
although with somewhat different time constants. The results are shown in Figure S23. Since the
solubility of 2 is lower in methanol, the measurement was in this case performed with a lower
concentration. The concentrations read as follows:

2 in acetonitrile: ¢ = 0.62 mol/L; in dichloromethane: ¢ = 0.78 mol/L; in methanol: ¢ =0.18 mol/L

Dichloromethane Methanol
Al nm W/ nm
400 500 600 700 400 500 600 700
a) T T T a) 02 T T v T T T ]
0.0 -\L-. £ - L\ A )]
s [, N 5 oofth A )
* 05} time 'é’j . time / ps 1
-y 02F — 0.1 -
g —1 5 L — 4
1.0k e 8} 04 4
1 :lU 1 1 ) 1 1 10 1 1
b} L] L] T L] b) L} L T T
—— bleach
0.0 0.0
8 3 g 00 3
% 8 X 3
-0.5 05 @ 5 @
< < E
T, =09ps 1, =06 ps
A0k 1,=13.3 ps 4. 1, = 6.7 ps
1.0 L ? 1 L 1.0 _0_5 1 ? 1 1
400 500 600 700 400 500 600 700
o/ nm Al nm

Figure S21: Transient absorption spectra of 2 in dichloromethane (left) and methanol (right) at different
times after excitation with pulses at 615 nm (top, part a)) and the corresponding decay associated
amplitude spectra of the exponential decay components labelled with the respective time constants
(bottom, part b)). While the decay times in acetonitrile (¢f. Figure S22) and dichloromethane are quite

similar, they are significantly shorter in methanol.

In general, the transient absorption measurements were carried out with magic angle (55°) between the
polarizations of the pump and probe pulses to avoid effects due to rotational diffusion of the molecules.
In acetonitrile the sample was in addition also investigated with parallel and perpendicular polarizations.

But no significant differences to the magic angle configuration were observed, see Figure S24.
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Figure S22: fs-Transient absorption measurements of 2 in MeCN with different polarizations: parallel
(left) and perpendicular (right). Top, part a) Transient spectra at different times after excitation with
pulses at 615 nm. Bottom, part b) DASs of the decay components labelled with the respective time

constants.
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NMR Spectra

5§50.1.1.1¢

Group AK Bauer

S)50

1H C6D6
28 82 9T PNeASINRARNCINSNEZEINSS 2 o azzgas
co ° 22 ARYMAAAMNANANNNQQOARKKRKR 92 - enwnha
- o % BB ANARARARARNARNARNARNRANSOOCOY L - coooo
' VoWV S e | N
r s ’ / 1/
A(d) B (d) C(d) 10
10.09 8.65 7.76 0.51

A | X 1 "

o T oo e g

5 g 3 3 85 g

3 g 3 % &8 2
11.0 105 100 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.;’ 45 4.0 35 3.0 25 2.0 1.5 1.0 05

f1 (ppm)

Figure S23: 'H-NMR spectrum of [Fe(pbpy)(PMe;):Br] 1 in C¢Ds
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Figure S24: *'P-NMR spectrum of [Fe(pbpy)(PMes):Br] 1 in C¢Ds
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Figure S25: 'H-NMR spectrum of [Fe(pbpy)(tpy)]PFs 2 in Acetone-ds
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Figure S26: “C-NMR spectrum of [Fe(pbpy)(tpy)]PFs 2 in Acetone-ds
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9. Panchromatic Absorption and Oxidation of an Iron(ll) Spin
Crossover Complex

Johannes Moll, Christoph Foérster, Alexandra Koénig, Luca M. Carrella, Manfred Wagner,

I B - - Rentschler and Katja Heinze

The iron(ll) complex [Fe(dgpy)2]** (dgpy:

(\N,j_|2+f3+ 2,6-diguanidylpyridine) performs thermal
N/)\N spin crossover (SCO) in the meridional
CEFN‘i \ * push pull ligand fashion. Besides this  temperature
: :zzr;g“tfr';‘z‘zrtﬁ:d;tec'f_t:bsomtion dependent equilibrium between high and
CE>=N / » spin crossover low-spin form of the meridional complex a
N N * LMCT by oxidation asymmetric iron(ll) high-spin compound —
(/N\J most likely cis-fac-[Fe(dgpy)-]** — is formed

during the synthesis that does not undergo
spin transition or isomerization. The occurrence of SCO demonstrates the weak ligand field
strength of the dgpy ligand due to its low n-accepting ability and the high flexibility of this ligand.
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INTRODUCTION

The coordination chemistry of pseudo-octahedral iron(Il) and iron(IIl) complexes is dominated by
variable spin states that can be realized and the resulting well-explored spin-crossover (SCO)
phenomenon.'* Temperature, pressure and light stimuli can switch between the low- and high-
spin states (d°-iron(Il): 'Aig, “T2¢ in On symmetry).">*° The optical switching process has been
termed light-induced excited spin state trapping (LIESST). Excitation of the prototypical complex
[Fe(ptz)s]*" (ptz = 1-propyl tetrazole) in its low-spin state (' A1¢) with green light at low-temperature
populates the ligand field (or metal-centered) states ('Tie and 'T2). Fast and efficient double
intersystem crossing (ISC) via the ligand field triplet states (*Tie/°Tz;) states either leads to
relaxation back to the low-spin state or to population of the metastable high-spin state.”* Prolonged
irradiation at sufficiently low temperature can fully populate the metastable high-spin state.
Iron(II) complexes with suitable chromophoric ligands can be initially excited into singlet metal-
to-ligand charge transfer ('MLCT) states and subsequently undergo ISC processes to the
metastable high-spin ligand field state.”'' Selective excitation of the low-temperature trapped
metastable high-spin state of [Fe(ptz)s]** with 820 nm light, re-populates the low-spin ground state
(reverse-LIESST effect). The lifetime of the metastable high-spin state depends on the conditions,
especially the available thermal energy. At room temperature, relaxation of photoexcited iron(II)
complexes with nearly octahedral [FeNs] coordination, e.g. [Fe(dcpp):]** and [Fe(depp)(ddpd)]*
(Chart 1), to the low-spin ground state occurs on the pico- to nanosecond timescale (depp = 2,6-
bis(2-carboxypyridyl)pyridine; ddpd = N,N’-dimethyl-N,N’-dipyridin-2-ylpyridine-2,6-

diamine)."" "2

Chart 1. Pseudo-octahedral transition metal complexes with six-membered chelate rings relevant

to this study.
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32 [/\F\ﬁ;l\“ six-membered chelate
33

34 n =2,3: mer-[Fe(dgpy),1**"*

Beyond the thermal and light-switchable SCO, attempts to install low-energy "MLCT states as
40 lowest excited states in iron(II) complexes have become a vivid, yet challenging research focus."
42 This is inspired by the useful photophysics of homologous ruthenium(Il) complexes, especially
44 with [RuNe] coordination sphere, such as [Ru(bpy):]*" derivatives and analogues (bpy = 2,2’-
bipyridine). The aim is to increase the lifetime of the *MLCT state of iron(II) complexes by
49 hindering the fast relaxation to the high-spin state to allow for "MLCT phosphorescence and
51 bimolecular reactivity of the *MLCT excited state (photoredox catalysis).”” "> Current attempts
focus on increasing the intrinsically weak ligand field splitting of iron(II) by using strong field

56 ligands such as carbene donors and by improving metal-ligand orbital overlap (high energy °T and
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°T states) and on decreasing the ""MLCT energies by push-pull effects, e.g. in [Fe(depp)(ddpd)]*’
(Chart 1).">'° The latter strategy additionally improves the absorption across the visible and near-
infrared spectral region (panchromatic absorption) which is desirable to harvest a higher portion
of the sunlight.""* The highest reported *"MLCT lifetimes of iron(II) complexes and bimolecular
reactivity were achieved using carbene, cyclometalating or (phenanthridin-4-yl)(quinolin-8-
yl)amido ligands.'®?® Iron(I) complexes of N-heterocyclic carbene ligands with appended
anthracenyl or pyrenyl chromophores display ligand based fluorescence with nanosecond
lifetimes,”” while appended zinc porphyrins enable a weak emission with ‘"MLCT character and a

*MLCT lifetime of 160 ps.*

Oxidation of iron(II) complexes to their d’-iron(III) congeners in a strong field environment can
also yield luminescent complexes, yet with an inverted charge transfer direction. The low-spin
iron(Ill) complex [Fe(btz):]'" (btz = 3,3’-dimethyl-1,1’-bis(p-tolyl)-4,4’-bis(1,2,3-triazol-5-
ylidene)) is luminescent at room temperature with a ‘LMCT fluorescence lifetime of 100 ps.” This
has been increased in the hexacarbene iron(III) complex [Fe(phtmeimb):]" to a lifetime of 2 ns
(phtmeimb = phenyl[tris(3-methylimidazol-1-ylidene, Chart 1).** The d°-low-spin cobalt(III)
complex [Co(dgpy):]"" (dgpy = 2,6-diguanidylpyridine, Chart 1) with a tridentate
pyridine/guanidine ligand takes advantage of LMCT states as well. In this case a blue emissive
‘LMCT state with 5.07 ns lifetime is realized.” The low-spin ruthenium(III) complex
[Ru(dgpy):]*" has been reported as well. Yet enabled by the flexibility of six-membered chelate
rings, the dgpy ligand coordinates in a facial manner. Luminescence properties of cis-fac-
[Ru(dgpy):]*" were not reported (Chart 1).** With ddpd as ligand, cis-fac isomers have been
reported occasionally as well, yet the thermodynamically preferred coordination mode for ddpd is

meridional (Chart 1).%*
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The exceptionally successful complexes with LMCT luminescence, [Fe(phtmeimb):2]" and
[Co(dgpy):]*", possess six-membered chelate rings with the metal center. This geometrical feature
is also shared by most successful spin-flip emitters based on chromium(III) and vanadium(III)
using for example the ddpd ligand (Chart 1; [M(ddpd):]*", M = Cr, V).******7 With the versatile
properties of iron(II) and iron(Ill) complexes combined with medium-to-strong field ligands
forming six-membered chelates and possessing push-pull character in mind, we set out to explore
the magnetic and absorptive properties of the d®-iron(I) and d*-iron(III) complexes [Fe(dgpy):]*

and [Fe(dgpy):]’" (Chart 1 bottom), especially focusing on SCO behavior and MLCT/LMCT

absorption properties.
EXPERIMENTAL SECTION

General procedures. All reagents were used as received from commercial suppliers (Acros
Organics, Alfa Aesar, Fischer and Sigma-Aldrich). CH;CN and CDsCN were distilled from CaHo.
Diethylether and THF were distilled from sodium and potassium, respectively. de-Acetone was
degassed by purging with argon and dried over molecular sieve 4 A. The ligand dgpy was
synthesized according to a literature procedure.’”” '"H NMR spectra were recorded on a Bruker
Avance DRX 400 spectrometer (400.31 MHz), on a Bruker Avance III HD 400 spectrometer
(400.13 MHz) or on a Bruker Avance III 600 spectrometer (600.13 MHz) with 5 mm TCI-
CryoProbe with z-gradient ant ATM. Temperature-dependent 'H NMR spectra were recorded on
a Bruker Avance 111 HD 500 spectrometer (500.15 MHz) with a BBFO 5 mm '"H/X/"’F probe head
(z-gradient, sweep width of 250 ppm, 90° pulse angle for 14.7 ps) using a dewar-N: cooling unit.
A methanol standard was used for temperature calibration. All resonances are reported in ppm
versus the solvent signal as an internal standard (CD:CN, 6= 1.940; ds-acetone, 5= 2.050 ppm).**.

ESI mass spectra were recorded on an Agilent 6545 QTOF-MS spectrometer. ATR IR spectra
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were recorded with a Bruker ALPHA 1I FT-IR spectrometer with a Platinum Di-ATR module
inside an argon filled glovebox. Elemental analyses were performed by the microanalytical
laboratory of the department of chemistry of the University of Mainz using an Elementar vario EL
Cube. X-band EPR spectra were recorded on a Miniscope MS 300 (Magnettech GmbH, Germany)
with a frequency counter FC 400 (Magnettech GmbH, Germany) at a microwave frequency of
9.39 GHz in frozen butyronitrile (77 K). Mn** in ZnS was used as external standard (g = 2.118,
2.066, 2.027, 1.986, 1.946, 1.906). Simulations were performed with the program package
Easyspin for MatLab (R2016b).” Electrochemical experiments were carried out on a BioLogic
SP-200 voltammetric analyzer using platinum wires as counter and working electrodes and 0.01
M Ag/AgNO:s as the reference electrode. The measurements were carried out at a scan rate of 100
mV s for cyclic voltammetry experiments and at 50 mV s™' for square-wave voltammetry
experiments using 0.1 M ["BusN][PFs] as the supporting electrolyte in CHsCN. Potentials are
referenced to the ferrocene/ferrocenium couple (E£% = 110£5 mV under the experimental
conditions). UV/Vis spectroelectrochemical experiments were performed using a BioLogic SP-50
voltammetric analyzer and a Specac omni-cell liquid transmission cell with CaF» windows
equipped with a Pt-gauze working electrode, a Pt-gauze counter electrode and a Ag wire as pseudo
reference electrode, melt-sealed in a polyethylene spacer (approximate path length 1 mm) 2 mM
in CHsCN containing 0.1 M ["BusN][PFs].* UV/Vis spectra were recorded on a Varian Cary 5000
spectrometer using 1.0 cm cells with a Schott valve. Emission spectra were recorded on a Varian
Cary Eclipse spectrometer. For temperature dependent optical spectroscopy, a freshly prepared
butyronitrile” solution of the complex was filled into a quartz cuvette in an argon filled glovebox
and the cuvette was sealed and transferred to an Oxford cryostat (Oxford instruments OptistatDN)

or Varian Cary Peltier element, respectively. DC magnetic studies were performed with a Quantum
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1

2

2 Design MPMS-XL-7 SQUID magnetometer on a powdered microcrystalline sample. Variable
5 r .

6 temperature susceptibility data were collected in a temperature range of 150-350 K under an
7

8 applied field of 0.1 Tesla. Experimental susceptibility data were corrected for the underlying
9

:? diamagnetism using Pascal’s constants. The temperature dependent magnetic contribution of the
:; holder was experimentally determined and subtracted from the measured susceptibility data. >'Fe
14

15 Massbauer spectra were collected using a custom-built set-up adapted with a Montana C2 closed-
16

17 cycle cryostat at temperatures of 100, 200, 250, 275 and 300 K using approx. 180 mg sample in a
18

;113 2 ¢cm® PE vessel. Original spectra were folded according to a calibration with o-Fe (ambient
21

22 conditions). Spectra were fitted using the Voigt-based-fitting (VBF) approach* as implemented in
23

323: the software package Recoil.”

26

;g Intensity data for crystal structure determination were collected with a STOE IPDS-2T
29 . . .

30 diffractometer from STOE & CIE GmbH for the PFe salts and with a STADIVARI diffractometer
31

32 from STOE & CIE GmbH for the OTf salt, respectively, using Mo-Ko, radiation (1 =0.71073 A).
33

g;’ The diffraction frames were integrated using the STOE X-Area software package* and were
36

37 corrected for absorption with MULABS® of the PLATON software package® for the PFs salts
38

39 and with STOE LANA" for the OTf" salt, respectively.

40

41

42 The structures were solved and refined by the full-matrix method based on F* using the SHELXL
43

j;' 2018/3 software package*®* for the PFs salts and using the SHELXL 2016/6 software package***’
46

47 for the OTT salt, respectively and the ShelXle graphical interface.” All non-hydrogen atoms were
48

49 refined anisotropically while the positions of all hydrogen atoms were generated with appropriate
50

:; geometric constraints and allowed to ride on their respective parent atoms with fixed isotropic
gi thermal parameters. Crystallographic data (excluding structure factors) for the structures reported
55

56 in this paper have been deposited with the Cambridge Crystallographic Data Centre as
57

58

59
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supplementary publication no. CCDC-2062797, CCDC-2062796 and CCDC-2059034 for

1[OT{]2x0.5CH3sCN, 1[PFe]2xCH3CN and 1[PFs]sx1.5CH3CN, respectively.

Crystallographic Data of 1[OTf]:xCH3CN. CaoHssFsFeN14OeS2x0.5CHsCN  (1081.47);
orthorhombic; Pna2i; a=23.8225(6) A, b=14.0082(3) A, ¢ = 14.0621(4) A; V=4692.7(2) A*; Z
= 4; density, caled. = 1.531 gem ™, 7= 173(2) K, z= 0.499 mm™'; F(000) = 2252.0; crystal size
0.480 x 0.223 x 0.080 mm; & = 2.052 to 25.995 deg.; —29<h<28, —17<k<17, —17<I<17; rfln
collected = 56186; rfln unique = 9195 [R(int) = 0.0609]; completeness to &= 25.995 deg. = 100.0
%; semi empirical absorption correction from equivalents; max. and min. transmission 0.9816 and
0.1681; data 9195; restraints 188, parameters 779; goodness-of-fit on 2 = 1.034; final indices [/
> 20(I)] R = 0.0658, wR> = 0.1718; R indices (all data) Ri = 0.0806, wR: = 0.1867; largest diff.

peak and hole 0.662 and —0.528 e A, absolute structure parameter = —0.01(2).

Crystallographic Data of 1][PFs]2xCH3CN. CssHssF12FeN14P2xCH3CN (1093.79); orthorhombic;
Pna2i; a = 23.548(5) A, b = 13.868(3) A, c = 13.904(3) A; V' = 4540.5(16) A’; Z = 4; density,
caled. = 1.600 g cm™, T=120(2) K, 2= 0.504 mm'; F(000) = 2264.0; crystal size 0.730 x 0.500
x 0.300 mm; 8= 2.701 to 27.938 deg.; —31<h<30, —15<k<18, —18<I<18; rfln collected = 38787;
rfln unique = 10803 [R(int) = 0.0339]; completeness to &= 25.242 deg. = 99.9 %; semi empirical
absorption correction from equivalents; max. and min. transmission 1.12683 and 0.91783; data
10803; restraints 13, parameters 670; goodness-of-fit on F* = 1.053; final indices [/>2c(D] Ri =
0.0293, wR> = 0.0724; R indices (all data) R1 = 0.0311, wR2= 0.0737; largest diff. peak and hole

0.402 and —0.233 e A, absolute structure parameter = —0.006(2).

Crystallographic Data of 1[PF¢|sx1.5CH3CN. CisHssFisFeNisP3x1.5CH:CN (1259.29);

monoclinic; la; a = 16.368(3) A, b =36.078(7) A, c=17.311(4) A, B=92.05°; V=10216(4) A’;
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Z = 8; density, caled. = 1.638 g cm ™, T=120(2) K, 1= 0.506 mm"; F(000) = 5168.0; crystal size
0.240 x 0.147 x 0.040 mm; @ = 2.611 to 26.000 deg.; —20<h<20, —44<k<44, —21<I<20; rfln
collected = 32744; rfln unique = 18600 [R(int) = 0.0905]; completeness to #=25.242 deg. = 99.9
%; semi empirical absorption correction from equivalents; max. and min. transmission 1.16201
and 0.84225; data 18600; restraints 1139, parameters 1609; goodness-of-fit on F* = 1.128; final
indices [/ > 2o(/)] R = 0.0805, wR2 = 0.1536; R indices (all data) R = 0.1335, wR2 = 0.1864;

largest diff. peak and hole 0.577 and —0.603 e A, absolute structure parameter = —0.01(2).

Density Functional Theory (DFT) calculations were carried out using the ORCA program package
employing the
RIJCOSX approximation.”™’ Relativistic effects were calculated at the zeroth order regular
approximation (ZORA) level.”® The ZORA keyword automatically invokes relativistically
adjusted basis sets. To account for solvent effects, a conductor-like screening model (CPCM)
modeling acetonitrile was used in all calculations.””* Geometry optimizations were performed
using Ahlrichs’ polarized valence triple-zeta basis set (def2-TZVP).*"* Atom-pairwise dispersion
correction was performed with the Becke-Johnson damping scheme (D3BJ).**** The energy of the
electronic states and presence of energy minima were checked by numerical frequency
calculations. Explicit counter ions and/or solvent molecules were not taken into account. The

charge transfer number analyses of the time-dependent DFT (TDDFT) calculated transitions were

Synthesis of 1[OTf]z. A solution of 108 mg (0.306 mmol, 2.2 eq) dgpy in dry THF (13 mL) was
added to a suspension of 70 mg (0.14 mmol, 1.0 eq) Fe[OTf]: in dry THF (50 mL). The solution

turned red. Dark red crystals precipitated after stirring at ambient temperature for 24 h. The product
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was collected by filtration under inert conditions and purified by crystallization via slow diffusion
of dry diethylether into a concentrated solution in acetonitrile to yield 65 mg (0.06 mmol, 44 %)
of 1[OTHf]z. Elem. anal. caled. for CaoHsaFsFeN14OsS2: C,45.29; H, 5.13; N, 18.48. Found: C, 45.26;
H, 5.33; N, 18.88. 'H NMR (400 MHz, CD:sCN, 293 K): 6/ ppm = 29.3 (s, 4 H), 14.8 (s, 8 H),
12.6 (s, 4 H), 11.6 (s, 3.63 H), 9.3 (s,4 H), 8.0 (s, 2 H), 6.9 (s,4 H), 4.8 (s, 4 H), -0.1 (s, 4 H), —
4.4 (s, 4.69 H). '"H NMR (400 MHz, de-acetone, 293 K): 5/ ppm = 31.8 (s, 4 H), 16.2 (s, 4 H), 16.0
(4 H), 14.0 (s, 4 H), 12.1 (s, 2.30 H), 10.2 (s,4 H), 8.3 (s,2 H), 7.5 (s, 4 H), 5.0 (s, 4 H), 0.1 (s, 4
H), —4.5 (s, 4 H). '"H NMR (500 MHz, ds-acetone, 193 K; mer-1**): 5/ ppm = 8.71 (s, 3 H), 8.16
(s, 2 H), 4.37 (m, 8 H), 3.85 (s, 4 H), 3.73 (m, 12 H), 2.42 (m, 8 H), 1.78 (s, 4 H). 'H NMR (500
MHz, ds-acetone, 193 K; cis-fac-1**): §/ ppm = 98.6 (s), 96.2 (s), 65.9 (s), 61.6 (s), 55.2 (s), 37.9
(s),34.2 (s), 33.3 (s), 30.2 (5), 22.7 (8), 17.2 (5), 1 1.4 (5), 9.9 (8), —14.3 (5), —=15.0 (5), =26.2 (8), —
37.8 (s), —48.3 (s), —66.1 (s). MS (ESI'): m/z (%)= 354.240 (100, [dgpy+H]"), 381.199 (19,
[Fe(dgpy)]*"), 504.199 (33, {[dgpy+2H][OTf]}"), 911.351 (20, {[Fe(dgpy):][OT{]}"). MS (HR-
ESI"): caled. for CaoHsaF3FeN14OsS™: m/z=911.3520. Found: 911.3510. IR (ATR): /cm ' =3104
(vw), 2944 (vw), 2861 (vw), 1606 (m), 1590 (m), 1502 (w), 1453 (w, sh), 1430 (m), 1374 (w),
1325 (w), 1301 (vw), 1263 (s), 1219 (w), 1198 (m), 1140 (s), 1110 (w, sh), 1062 (vw), 1028 (s),
994 (vw, sh), 911 (vw), 885 (vw, sh), 850 (vw), 806 (w), 752 (vw), 731 (vw), 706 (vw, sh), 634
(vs), 610 (vw, sh), 571 (w), 557 (w), 516 (m). UV/Vis (CHsCN, 295 K): Amax/nm (&/M "' ecm ') =
222 (41900), 255 (26700), 302 (15200), 466 (961), 530 (996), 582 nm (957). CV (CHsCN, 0.1 M
["BusN][PFs], vs. ferrocene, 295 K): Ex / V = —0.65 (rev., mer-1*"*"), —0.37 (rev., cis-fac-1**"*"),

+0.97 V (qrev., coordinated dgpy”").
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Synthesis of 1[PFs]2. 1[OTf]2 (16 mg, 0.015 mmol, 1.0 eq) and ["BusN][PFs] (310 mg, 0.800
mmol, 53 eq) were dissolved in dry acetonitrile (2 mL). Slow diffusion of diethylether into this

solution yielded crystals suitable for XRD analysis.

Oxidation of 1JOTf]2 to 1°*. 1{OTf]2 (34 mg, 0.032 mmol, 1.0 eq) and [FeCp:2][PFs] (11 mg, 0.032
mmol, 1.0 eq) were dissolved in dry solvent (2 mL). CD3CN, butyronitrile and CH3CN were used
for "H NMR, EPR and optical spectroscopy, respectively. Slow diffusion of diethylether into a
CH3CN solution yielded crystals suitable for XRD analysis. 'H NMR (400 MHz, CD:CN, 293 K):
O/ ppm =54.0 (s, 4 H), 46.3 (s, 2 H), 31.0 (5 H), 25.9 (s, 4 H), 24.6 (s, 3 H), 20.8 (s, 3 H), 9.2 (s,
2H),5.2(s,4H),0.2(s,3H),-1.3(s,4H),-10.6 (s,4 H). EPR (PrCN, 77 K): g123=2.617, 2.197,
1.768; Ag = 0.849. UV/Vis (CH3CN, 295 K): Amax / nm (¢/ M em™) = 310 (11500), 395 (2140),

462 (3410), 486 (sh, 3330).
RESULTS AND DISCUSSION

Synthesis. The homoleptic iron(II) target complex [Fe(dgpy):][OTf]: (1]OTf]2) precipitated as
dark red solid from a solution of iron(Il) triflate and 2.2 equivalents of the ligand dgpy** under
inert conditions in THF at room temperature (Scheme 1). Its composition was confirmed by
elemental analysis, IR and '"H NMR spectroscopy as well as ESI” mass spectrometry (Supporting
Information, Figures S1-S4). Anion metathesis with ["BusN][PFs] formed the corresponding

hexafluorophosphate salt 1[PFs]z2 (Scheme 1).

Scheme 1. Synthesis of iron(II/IIT) complexes with the ligand dgpy. Atom numbering used for

NMR assignments shown in blue.
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Diffusion of diethyl ether into CH3sCN solutions yielded crystals suitable for single crystal X-ray

diffraction analyses. Similar to [Co(dgpy):]*","

yet in contrast to the reported cis-facially
coordinated [Ru(dgpy)2]’" complex (Chart 1),”* the dgpy ligand coordinates in a meridional fashion
in the iron(Il) complex mer-1** as confirmed by X-ray diffraction analyses of single crystals of
1[OT{]2x0.5CH3CN (Pna2i; severely disordered guanidine rings in the cation; 173 K) and
1[PFs]2xCH3CN (isopointal; Pra2i; 120 K; Figure 1). In the latter salt, the disorder of the

heterocyclohexyl rings of the coordinated dgpy ligands is less severe and consequently only the

metrical data of this analysis will be discussed in the following.
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WoOoONOTUVD WN =

43 Figure 1. Molecular structures of the cations of a) 1[PFs|2xCH3;CN (120 K) and b)
45 1[PFe]3x1.5CH3CN (120 K, only one of the two independent cations A/B in the asymmetric unit

48 shown) determined by XRD. Thermal ellipsoids are displayed at 50 % probability. Hydrogen

50 atoms are omitted for clarity.
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Table 1. Selected bond lengths / A and angles / deg of the cations of 1[PFs]2xCH3CN (120 K) and
1[PFs]3x1.5CHsCN (120 K, two independent cations A/B in the asymmetric unit) obtained by
XRD and of mer-1>* (low-spin), mer-1*>" (high-spin), cis-fac-1>* and mer-1** (low-spin) obtained

by DFT calculations.

L e e e et
XRD DFT

MI-NI1 2.001(2) 1.93(1) 1.95(1) 2.010 2.145 2.151 1.952
M1-N2 1.959(2) 1.96(1) 1.96(1) 1.981 2.176 2.240 1.975
MI1-N3 1.996(2) 1.98(1) 1.97(1) 2.008 2.151 2.145 1.993
M1-N4 1.999(2) 1.97(1) 1.94(1) 2.025 2.167 2.151 1.947
MI1-N5 1.946(2) 1.95(1) 1.95(1) 1.982 2.173 2272 1.969
MI-N6 | 2.007(2) 1.93(1) 1.96(1) 2011 2.157 2.174 1.997
NI-Fel-N2 | 89.23(8) 88.7(4) 89.0(4) 87.8 82.0 78.3 88.8
N2-Fel-N3 | 89.25(9) 90.1(4) 90.5(4) 88.5 82.8 80.1 88.3
N4-Fel-N5 | 89.04(8) 90.3(4) 88.8(4) 87.5 81.1 79.4 88.3
N5-Fel-N6 | 88.53(8) 87.6(4) 90.9(4) 88.1 81.4 78.4 87.9
S(0C-6) 0.08 0.15 0.08 0.13 1.51 1.25 0.12

The Fe-N distances between 1.946-2.007 A in mer-1** clearly suggest a low-spin state of
iron(I1).°”* Compared to the isoelectronic low-spin cobalt(IIT) complex [Co(dgpy):]"", the metal-
ligand bond lengths are slightly larger due to the lower charge of the central ion. This has also been
observed for the [Fe(ddpd)2]*" / [Co(ddpd)2]** pair.'*** Fe-N distances of the central pyridine units
are smaller than the Fe—N distances of the terminal guanidine moieties (Table 1), similar to the
cobalt(IIT) complex.’’ This M-N distance difference between terminal and central donor atoms is
similar to [M(ddpd)2]" complexes featuring six-membered chelate rings, yet much less
pronounced than in [M(tpy):]" complexes with five-membered chelate rings (tpy = 2,2°:6°,2"’-
terpyridine). Consequently, the [FeNs] local symmetry of mer-1** is much closer to an ideal
octahedron with a shape parameter S(OC-6)"" of 0.08 than [Fe(tpy):]’" with a much larger shape

parameter of S(OC-6) = 1.81.** Although the XRD analyses of single crystals at 120 and 173 K
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1

2

2 suggest the presence of meridionally coordinated low-spin iron(II) only, spectroscopic studies in
6 solution and in the solid bulk material at different temperatures reveal a higher diversity of relevant
7

8 iron(II) species in terms of configuration and spin state (vide infra).

9

10

1 Variable Temperature Studies of the Iron(II) Complex. In the 'H NMR spectrum of
12

:2 analytically pure 1JOTf]z in CDsCN at room temperature, the '"H NMR resonances were broad and
15 . . . .

16 shifted to lower and higher field strength (+29.3 to —4.4 ppm; Figure 2). Such shifts are
17

18 characteristic for paramagnetic species and, hence, we suggest the presence of high-spin iron(II)
19

i? complexes at room temperature. Upon cooling to 183 K in ds-acetone, these resonances shifted
22 . . . . . . . .
23 into the diamagnetic region (+10 to 0 ppm; Figure 2), suggesting a spin crossover to the low-spin
24

25 iron(I) complex mer-1>*, as observed by XRD at 120 and 173 K. The observed temperature-
26

27 dependent shifts were fully reversible (Supporting Information, Figure S5).

28

29

30 4

31 183 K #+

32 JBK

33 204 K

34 215K

35 225K

36 236 K

37 247 K

38 257 K

39 268 K

40 279K J W

41 298 K — = | L_ _ e

42 120 100 80 60 40 20 O -20 —40 —60 —80

43 &/ ppm

44

45

33 Figure 2. Variable temperature 'H NMR spectra of 1JOTf]: in ds-acetone (cooling). Resonances
48

49 of the cis-fac isomer are marked with asterisks in the spectrum at 183 K.

50

51

52

53

54

55

56

57

58

59
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Figure 3. a) 'H NMR spectrum of 1{OTf]: in ds-acetone at 193 K. Resonances of the cis-fac isomer
are colored blue. b) Zoom into the diamagnetic region of the "H NMR spectrum at 193 K showing

the resonances of low-spin mer-1** in green.

The appearance of averaged signals instead of separated signals for the high- and low-spin isomers
indicates a fast exchange between both spin states as typically observed for iron(II) and cobalt(III)
SCO complexes.””” From the line widths of the proton resonances at 31.78, 16.21 and 15.95 ppm
(298 K), a high-spin/low-spin exchange constant kn was estimated around (7.2-30)x10° s, a range
typically observed for SCO complexes (Supporting Information, Table S1).”” Yet, other dynamics
such as chair-twist boat ring flipping might affect the NMR line widths as well, especially the

resonances of the aliphatic protons.
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Unexpectedly, a set of 19 clearly discernible, paramagnetically shifted '"H NMR resonances were
additionally present (0= +99 to —66 ppm at 193 K; Figures 2 and 3). These resonances shift almost
linearly with temperature (Figure 2; Supporting Information, Figures S5 and S6). With respect to
the iron(Il) SCO complex mer-1**, they integrate to less than 20 %. The observed large
paramagnetic shift confirms a high-spin species and the number of resonances suggests a much
less symmetric structure of this species. A conceivable paramagnetic iron(I1l) impurity is excluded
on the basis of the intended preparation and "H NMR spectroscopic characterization of the iron(I11)
complex mer-1°* showing very different 'H NMR resonances (vide infra). As a conceivable trans-
facial isomer possesses C: symmetry and consequently only a single set of ligand proton
resonances, we tentatively assign these broad and shifted resonances to the cis-facial isomer cis-
Sac-1*" with Ci symmetry. This complex possesses a high-spin electronic ground state down to 183
K. In the temperature range 247—193 K the '"H NMR resonances of cis-fac-1** are clearly visible
and integrable (Figure 2). The relative integrals of resonances of mer-1*" and cis-fac-1** are
temperature-independent suggesting that the relative amounts do not significantly change with

temperature and hence, equilibration of the isomers is unlikely.

For both isomers, some integrals of 'H resonances are lower than expected for dgpy ligands.
Furthermore, traces of uncoordinated ligand (detected in the 600 MHz 'H NMR spectrum),
presumably formed by dissociation from the complex, show integrals lower than expected for the
aliphatic protons of dgpy (Scheme 1, Experimental Section, Supporting Information, Figure S7).
We suspect that the dgpy ligand coordinated to iron(II) undergoes partial H/D exchange at these

positions with the deuterated solvent, which reduces the integrals for these proton resonances.
The mer and cis-fac isomers of 1** reproducibly formed during the synthetic procedure. Yet,

attempts to separate cis-fac and mer isomers by crystallization of the bulk material failed.
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Consequently, we take into account a constant amount of high-spin cis-fac-1** being present in the

lZ+

bulk material of mer-1°" in the following discussion — in addition to the temperature-dependent

SCO behavior of mer-1*".

Av T1kHz K
304

28-
26
24]
22-.

204

18

180 200 220 240 260 280 300
TIK
Figure 4. Av T vs. T data obtained from 'H NMR measurements of 1[OTf]z using Evans’ method
in ds-acetone and fit according to R In K = -AH/T+AS using AH = 29.6(8) kJ mol " and AS = 110(3)

Jmol' K™,

Applying Evans’ method™™ in deuterated acetone at variable temperature to determine the
magnetic properties in solution and accounting for the presence of high-spin cis-fac-1** yields the
ASTvs. T plot of mer-1** depicted in Figure 4 (Supporting Information, Figures S8-S9). The thus
obtained experimental magnetic data were fit to a distribution between the low-spin and high-spin
complexes without taking into account any cooperativity giving AH = 29.6(8) k] mol™' and AS =
110(3) J mol™' K'. The spin-transition temperature 7% = 269 K with 50 % low- and 50 % high-
spin fractions is close to room temperature. At room temperature (293 K), 75 % of the mer-1*

complexes are in the high spin state. From the higher degeneracy of the high-spin state (°T2; 15
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microstates) compared to the low-spin state ('Ai1; 1 microstate), the theoretical entropic gain

amounts to ASei = R In(Quigh-spin/Qiow-spin) = R In(15/1) = 22.5 J mol™" K" If the orbital degeneracy

O~ bWk =

of the high-spin state is significantly lifted, the electronic contribution to the entropy amounts to

= \0
o

only ASe = R In(Qigh-spin/Qiow-spin) = R In(5/1) = 13.4 I mol ' K'.*' Consequently, the major entropy

Y
[

gain ASvio (80—88 %) results from higher vibrational degrees of freedom of the high-spin state. The

R
oW

larger DFT calculated bond lengths of the high-spin state (high-spin mer-1>") as compared to low-

~ O

spin mer-1** reflect this structural and vibrational contribution (Table 1).

NS —
o WO

a) ¢/Imol”" em™
40000+ e/lmol™ em™
2000

1500
1000
500

LRSI S N
B Y

300004

I N
~ v

20000 -

%]
(s3]

3]
o

400 500 600 700
Al nm

w
o

100004

W W
W M =

w
B
o

200 400 600 800
Alnm

w W W
~ O Un

b) fl/a u

w oW
O

0.044

5
o

hs-mer-1%*

»
—

0.02-
0.00 il

P
w N

s
S

0.04 1

1 Is-mer-12*
0.02 1 ‘ \ ‘
0.00 d

0.04 1

P
o

'
~J

v
o O

1 hs-cis-fac-1**
0.024

0.00 AT S :

200 400 2/ nm 600 800

oL
o=

i bhunobnobnououn
O oo ~Novun bW

ACS Paragon Plus Environment

(=)
o

19
252



O~ bWk =

couuUuUUuUuuUuUUuUuLbs B S DSBS D BB DSBWWWWWWWWWWRNNMNMNMMNRNRRNRMNRLE=S 3 = oo oo oo a9
SOV NN EWN 2OV ANNEWN OO N UREWN 20OV~ EWN 20OV~ WN—=O

9. Panchromatic Absorption and Oxidation of an Iron(ll) Spin Crossover Complex

Submitted to Inorganic Chemistry

Figure 5. a) UV/Vis spectrum of 1[OTf]: in acetonitrile at 293 K. The inset shows a zoom into
the MLCT region. b) TDDFT calculated transitions of high-spin mer-1**, low-spin mer-1>* and
high-spin cis-fac-1**, respectively, with the color code indicating the character of the transition
according to charge transfer number analyses (green: MLCT, gray: ILCT/LC, purple: LL’CT; The
oscillator strengths of the MC states are too small to be visible on this scale; Supporting

Information, Figures S10-S12).

The bulk material of 1[OTf]2 at 293 K is thus composed of approximately 61 % high-spin mer-
1%, 20 % low-spin mer-1>" and 19 % high-spin cis-fac-1**. The absorption spectrum of 1[OTf]2
dissolved in CH3CN at 293 K (Figure 5) showed absorption bands at 222, 255, and 302 nm
assigned to mainly ligand-based transitions and three maxima in the visible spectral region at 466,
530 and 582 nm assigned to MLCT transitions. Time-dependent DFT calculations
((CPCM(acetonitrile)-RIJCOSX-B3LYP-D3BJ-ZORA/def2-TZVP)) on high-spin mer-1**, low-

1?* and high-spin cis-fac-1** cations predicted MLCT transitions in the correct energy

spin mer-
region at 515, 505 and 474 nm, respectively (Figure 5). Weak spin-allowed metal-centered
transitions for the low- and high-spin complexes (‘"MC of low-spin mer-1**: 542, 557, 638 nm;
*MC of high-spin mer-1**: 545, 646 nm; *MC of high-spin cis-fac-1*": 728, 775 nm) have been
identified at even lower energy in all cases by the quantum chemical calculations and the

corresponding analysis of the charge transfer numbers (Supporting Information, Figures S10—

S12).
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1
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39 Figure 6. Variable temperature UV/Vis spectra of 1[OTf]z in butyronitrile, a) during cooling from
40
41 300 K to 160 K and re-warming to 300 K and b) during warming from 280 K to 370 K.
42
43
j: Upon cooling to 160 K in butyronitrile, the intensity of the ligand-centered UV bands and the low-
46 . . . .
47 energy MLCT bands increased (Figure 6a). Re-warming to 300 K restores the spectrum confirming
48
49 reversibility (Figure 6a). Furthermore, the pattern of the MLCT bands changed as the low-energy
50
51 MLCT band increased much stronger at low temperature (Figure 6a). Upon heating to 370 K, the
52
gi lowest energy MLCT band almost bleached (Figure 6b). The observed band pattern at low
55
56 temperature resembles the TDDFT calculated pattern of low-spin mer-1** (Figure 5b, 6a). Fitting
57
58
59
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the absorbance at 540 nm vs. temperature (in butyronitrile) with a distribution between the low-
and high-spin complexes without taking into account any cooperativity gives AH = 30(1) kJ mol
"and AS = 107(3) J mol' K" (Supporting Information, Figure S13) in very good agreement with
the thermodynamic parameters obtained from the paramagnetically shifted '"H NMR solvent
resonances in acetone (Supporting Information, Figures S8 and S9). The temperature-dependent
optical characteristics of 1** in acetone indeed match those measured in butyronitrile (Supporting
Information, Figure S14), confirming that the solvent plays no significant role for the relative

stability of high- and low-spin states of mer-1*".

7z, Tlem®Kmol™

150 200 250 300 350

TIK
Figure 7. yT'vs. T data obtained from magnetic susceptibility measurements of mer-1{OTf]: using
a SQUID magnetometer and fit according to R In K = ~AH/T+AS using AH = 25.2(9) kJ mol " and
AS = 88(3) J mol ' K. The residual magnetic susceptibility at low temperature arises from the

presence of high-spin [cis-fac-1][OTf]..
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In order to probe for potential cooperative effects in the solid state, the ¥7T product of solid 1[OTf]:

was measured using a SQUID magnetometer. Cooling the sample to 150 K and re-warming to 350

O~ bWk =

K revealed a gradual SCO without any hysteresis (Supporting Information, Figure S13). Taking

= \0
o

into account the presence of the high-spin cis-fac-1** isomer, gave a fit of the 7 vs. T curve with

Y
[

AH = 25.2(9) kJ mol" and AS = 88(3) J mol"' K' (Figure 7). These values compare well to the

— — —
oW

data obtained from NMR and optical spectroscopy in solution. They also document that

—_
~ O

1%

cooperativity between the mer-1"" cations is absent both in solution and in the solid state and that

—_
O Co

the environment has no significant impact on the relative stability of high- and low-spin mer-1**.
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Figure 8. >'Fe Mossbauer spectra of 1JOTf]2 taken at the indicated temperatures. Deconvoluted

subspectra are indicated.

Table 2. “’Fe Mdssbauer hyperfine parameters (center shift (CS), quadrupole splitting (OS),
Gaussian width of the quadrupole splitting distribution (ous)) and site populations of 1JOTf]: at

selected temperatures.

T/K site CS/mms™ 0S/mms™ ous/mms’” site populations / %
Is 0.37(1) 0.3(1) 0.4(2) 18(1)
300 Is-dyn 0.46(1) 1.03(5) 0.40(5) 32(1)
hs 0.93(1) 2.8(1) 0.7(1) 23(1)
hs-dyn 0.80(1) 1.82(6) 0.50(6) 27(1)
Is 0.43(1) 0.25(3) 0.26(5) 50(1)
2rs Is-dyn 0.45(1) 1.01(5) 0.49(8) 20(1)
hs 0.92(1) 2.76(9) 0.72(9) 21(1)
hs-dyn 0.77(1) 1.6(2) 0.6(2) 9(1)
Is 0.45(1) 0.17(1) 0.13(2) 68(1)
’50 Is-dyn 0.51(1) 0.72(3) 0.34(6) 12(1)
hs 0.95(1) 2.84(6) 0.41(6) 14(1)
hs-dyn 0.68(1) 1.8(1) 0.4(1) 6(1)
200 Is 0.47(1) 0.16(1) 0.04(1) 93.9(5)
hs 1.03(1) 2.89(4) 0.21(5) 6.1(5)
100 Is 0.50(1) 0.17(1) 0.06(1) 96.1(3)
hs 1.08(2) 2.92(4) 0.19(6) 3.93)

*’Fe Mossbauer spectra of 1JOTf]: at selected temperatures are shown in Figure 8 and individual
hyperfine parameters are given in Table 2. The low temperature spectra were well fitted by two
principle subspectra referring to each spin configuration (low-spin and high-spin), providing the
center shift (CS), quadrupole splitting (OS) and the Gaussian width of the quadrupole splitting
distribution (ous). At approximately 250 K, the linewidths of each subspectrum broadened and
additional contributions appeared at the foothills of the respective absorption lines, as typically
found in dynamic scenarios. These additional subspectra represent the species arising from the

low-spin and high-spin states, respectively. The modelling followed the two center shifts
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resembling the main high-spin and low-spin contributions. Importantly, strongly diverging
quadrupole splittings were evident with increasing temperature. We assign these developing

features to the dynamic part of the transformation (high-spin-dyn and low-spin-dyn).

Having established the SCO behavior of 1** in solution and in the solid state, we probed potential
luminescence properties of the high- and low-spin complexes at room temperature and at 77 K in
butyronitrile, respectively. However, no emission could be detected after excitation at wavelengths
between 190 nm and 605 nm with our equipment. This finding agrees with the presence of low-
energy MC states, which enable efficient non-radiative decay (Supporting Information, Figures

S10-S12).

Redox Chemistry. The bulk material 1[OTf]: dissolved in CH;CN with ["BusN][PFs] as
supporting electrolyte showed a quasi-reversible oxidation wave at +0.97 V vs. ferrocene (Figure

9; Supporting Information, Figure S16) assigned to the oxidation of the coordinated dgpy ligand.

11

A reversible oxidation was observed at —0.65 V vs. ferrocene and was assigned to the Fe™ redox

243+

couple of mer-1**/mer-1*". For comparison, the [M(dgpy):] couple appeared at —0.69 V vs.
ferrocene (M = Ru; cis-fac isomer)™® and at —0.98 V (M = Co; mer isomer).”"¥ A reversible
smaller wave is visible in the cyclic and square wave voltammograms at —0.37 V vs. ferrocene.
Uncoordinated dgpy is irreversibly oxidized at +0.37 V under the same conditions thus excluding
ligand dissociation under the oxidative conditions. The ratio of the peak currents of the waves at —
0.37 V and —0.65 V amounts to approximately 20 % (Figure 9). As we have already assigned an
approximately 19 % amount of the sample to the high-spin cis-fac-1*" isomer, we attribute this

17111

wave to the Fe'""" redox couple of the high-spin cis-fac-1*" isomer.
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EIV vs. [FeCp,]™"

Figure 9. Cyclic voltammogram of 1[OTf]2, | mM in acetonitrile containing 0.1 M ["BusN][PFs]

as supporting electrolyte.

11

The negative Fe™"" redox potentials enable oxidation of both isomers to the respective iron(III)
complexes by dioxygen or by ferrocenium salts. Addition of one equivalent [FeCp:][PFs] to a
solution of 1[OTf]: yielded 1°* (Scheme 1). Structure analysis of a single crystal of
1[PF¢]3x1.5CH:CN by XRD confirmed the meridional coordination of the dgpy ligands and the
low-spin state based on the short Fe-N distances (Table 1, Figure 1). The Fe-N bond lengths are
further confirmed by DFT calculations on low-spin mer-1*" (Table 1). The 'H NMR spectrum of
1** shows resonances strongly shifted to lower or higher fields (6= +54 to —11 ppm; Figure 10a;
Supporting Information, Figure S17). The number of observed resonances fits to a C>-symmetric
complex mer-1**. Using only 0.5 equivalents of the oxidant [FeCp:][PFs] instead of 1.0 equivalents
resulted in separate signal sets for the iron(III) complex mer-1** and the (mainly high-spin) iron(II)

complex mer-1** (Figure 10a). This indicates a rather slow electron exchange between mer-1** and

mer-1** on the '"H NMR timescale (400 MHz) at room temperature.
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38 Figure 10. a) 'H NMR spectra of 1JOTf]: in CDsCN at room temperature without and with 0.5
40 and 1 eq of [FeCp:][PFs] added, * denotes acetonitrile, ** denotes ferrocene, b) baseline-corrected
43 X-band EPR spectrum (black) of 1]JOTf]z with 1 eq of [FeCp:][PFs] added in butyronitrile at 77 K

45 and simulated spectrum (red).

48 In the X-band EPR spectrum of 1[OTf]2 and one equivalent [FeCp:2][PFs] in frozen butyronitrile
30 solution, a rhombic EPR resonance appeared with gi23 = 2.617, 2.197, 1.768 (77 K; Figure 10b;
53 Supporting Information, Figure S18). This pattern is characteristic for pseudo-octahedral low-spin

55 iron(IIT) complexes, e.g. with gi23 = 2.490, 2.296, 1.815 and gi23 = 2.821, 2.247, 1.561 reported

60 ACS Paragon Plus Environment

27
260



O~ bWk =

couuUuUUuUuuUuUUuUuLbs B S DSBS D BB DSBWWWWWWWWWWRNNMNMNMMNRNRRNRMNRLE=S 3 = oo oo oo a9
SOV NN EWN 2OV ANNEWN OO N UREWN 20OV~ EWN 20OV~ WN—=O

9. Panchromatic Absorption and Oxidation of an Iron(ll) Spin Crossover Complex

Submitted to Inorganic Chemistry

for low-spin [Fe(ddpd):]*" and [Fe(dcpp)(ddpd)]*, respectively.'” The g-anisotropy of 1’ with Ag

= gi—g3 = 0.849 is in between that of the homoleptic complex [Fe(ddpd):]** (Ag = 0.675) and the

heteroleptic complex [Fe(depp)(ddpd)]’* (Ag = 1.26)."* Contributions of a conceivable minor Fe
species cis-fac-1>" are not discernible. Several reasons might account for this absence. The amount

1°* could be too small to be detectable, the g-tensor of cis-fac-1** could be similar to

of cis-fac-
that of mer-1*", cis-fac-1** could have isomerized to mer-1** or cis-fac-1*" could be an EPR-silent

high-spin complex due to the weaker ligand field strength of facially coordinated dgpy. With the

data at hand, this cannot be decided.
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Figure 11. a) UV/Vis spectrum of 1|OTf]: before (black) and after (red) oxidation with 1 eq of
[FeCp:][PFs]; UV/Vis spectrum of [FeCp:] in orange at 300 K for comparison. b) TDDFT
calculated transitions of low-spin mer-1°* with the color code indicating the character of the
transition according to charge transfer analyses (red: MC, blue: LMCT, gray: ILCT/LC, purple:
LL’CT. The oscillator strengths of the MC states in red are hardly visible on this scale; Supporting

Information, Figure S19).

Electrochemical or chemical oxidation of 1JOTf]: bleaches the MLCT band at 582 nm and gives
rise to a 462 nm band with a shoulder around 500 nm (Supporting Information, Figure S20, Figure

63 assign "LMCT character from

11a). TDDFT calculations and charge transfer number analysis
the electron-rich guanidine moieties to the electron deficient iron(III) center to the these absorption
bands (Fig. 11b). Several less intense MC transitions are located at even lower energy (Supporting
Information, Figure S19). In contrast to the fluorescent hexacarbene iron(IIl) complexes
[Fe(btz);]* and [Fe(phtmeimb):]",**" excitation of mer-1** at wavelengths between 398 nm and
485 nm in dry butyronitrile did not result in observable ’LMCT fluorescence, neither at room

temperature in fluid solution nor at 77 K in frozen solution. This is likely due to the presence of

these low-energy “MC states, which enable non-radiate deactivation of the excited states.™

Although we are aware that the relative energy of low- and high-spin states calculated by DFT
methods critically depend on the exact exchange,™* and that the B3LYP functional artificially
favors the high-spin state,* we note that the Gibbs free enthalpy difference at 298 K between low-
and high spin mer-1** calculated by DFT (B3LYP) (AG29s.meroer = —36 kJ mol ' favoring the high-
spin at this temperature) is much smaller than that for low- and high-spin cis-fac-1>* (AG29s cis-tac =
—67 k] mol™") in agreement with the SCO behavior of mer-1** (AG29s.merexp = —3 kJ mol ™ from the

thermodynamic data in solution) and the high-spin character of cis-fac-1**. Conceivable low- and
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high-spin frans-fac-1** isomers are unfavorable compared to low-spin mer-1** by 52 kJ mol ™ and
to high-spin cis-fac-1** by 39 kJ mol ', respectively. We also note that the calculated difference in
electronic energies favors the high-spin state of mer-1** by only —10 kJ mol'. Consequently, the
DFT calculations correctly predict SCO behavior, high-spin character and a high energy for the
mer-1**, cis-fac-1"* and trans-fac-1*" isomers, respectively. TDDFT calculations describe the CT
properties of 1** and 1** (spin-allowed MLCT, LL’CT/ILCT, LMCT; Supporting Information,
Figure S10-S12, S19) qualitatively correct. Furthermore, MC excited states (with the same
multiplicity as the ground state) are lower in energy than the charge transfer states in all cases.
This MC < CT ordering likely applies to states of different multiplicity than the ground state as
well, namely the triplet (and quintet) MC excited states of low-spin 1** and the quartet MC states

of low-spin 1**, explaining the absence of CT luminescence.
CONCLUSION

The donor-acceptor ligand dgpy preferably coordinates to iron(II) in a meridional fashion giving

12+ 121-

mer-[Fe(dgpy):]*" (mer-1**), while a cis-facial isomer cis-fac-1*" is present in lower amounts. The
ligand field strength in the meridional coordination mode is higher than in the cis-facial
coordination mode, resulting in SCO behavior of mer-1** and a high-spin state of cis-fac-1**. Low-
spin mer-1**, high-spin mer-1** and high-spin cis-fac-1>* exhibit MLCT/*MLCT absorption bands
in the visible spectral region. The room temperature composition of a solution of 1** yields a nearly
constant panchromatic absorption from 400 to 600 nm. In spite of the low-energy MLCT states
and the comparably high ligand field strength in the meridional coordination mode, MC excited
states are lower in energy than the ""MLCT states and consequently luminescence is not observed.

Oxidation of mer-1** gives the low-spin complex mer-1** with LMCT absorption bands around

460-500 nm. In spite of the high ligand field strength of the iron(I1I) complex, MC excited states
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of mer-1** are still lower in energy than the CT states preventing fluorescence from the *LMCT

states.
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Figure S1. ATR IR spectrum of 1[{OTf]..
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Figure S2. 'H NMR spectrum of 1[OTf]z in dry, deaerated CDsCN at 293 K (* residual grease; **
residual diethylether; *** acetonitrile).
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Figure S3. 'H NMR spectrum of 1JOTf]: in dry, deacrated ds-acetone at 293 K (* residual

[dgpyH]"; ** residual dichlormethane; *** acetone), chemical shifts referenced to the acetone
resonance stemming from the capillary insert of the Evans’ NMR measurement.
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Figure S4. ESI" mass spectrum of 1[OTf): in dry, deaerated acetonitrile.
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Figure S5. Variable temperature "H NMR spectra of 1]OTf]: in de-acetone (cooling and re-warming).

Resonances of the cis-fac isomer are marked with asterisks in the spectrum at 183 K.

Table S1. ki / s calculated from temperature dependent 'H NMR experiments using the following

equation:

6 s 55 2
ki (T) = g(%)

with &s and &s denoting the chemical shifts of the same resonance for the high-spin and low-spin

state, respectively, and A(7) is the line width of the respective resonance.

resonance at resonance at resonance at

T/K 0=31.8ppm o6=162ppm O=16.0 ppm
298 3.14x10° 1.57x10° 1.49x10°
279 2.58x10° 1.16x10° 1.10x10°
268 2.07x10°

257 1.81x10° 8.29x10° 7.89x10°
247 1.52x10° 7.54x10° 7.17x10°
236 1.31x10° 7.74x10° 7.36x10°
225 1.49x10° 8.29x10° 7.89x10°
215 1.52x10° 9.68x10° 9.21x10°
204 1.69x10° 1.16x10° 1.10x10°
193 2.00x10° 1.61x10° 1.53%x10°
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Figure S6. Chemical shifts of '"H NMR resonances of 1[OTf]z vs. temperature derived from

variable temperature '"H NMR experiments in dry, deaerated ds-acetone, green: mer-1**, blue: cis-

fac-1*".
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Figure S7. '"H NMR spectra of a) 1[OTf]: after 7 days in ds-acetone at 293 K showing resonances

of the free ligand with reduced integrals for H*~H’ resulting from H/D exchange and b) dgpy in in

dry, deaerated ds-acetone at 293 K for comparison (* acetone; ** residual dichloromethane).
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Figure S8. Excerpt of "H NMR spectra of 1JOTf]: in dry, deaerated ds-acetone at different

temperatures showing the temperature dependent shift of the acetone resonance referenced to the

acetone standard in the inside capillary (Evans’ method).
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Figure S9. Av T vs. T data obtained from 'H NMR measurements of 1JOTf]z using Evans’ method

in de-acetone (blue: cooling; red: re-warming).
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a) CT number
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e

Figure S10. a) Charge transfer analysis of the 50 lowest spin-allowed transitions of high-spin mer-
1** (red: MC, blue: LMCT, green: MLCT, gray: ILCT/LC, purple: LL’CT) and b) difference

densities of the 20 lowest spin-allowed transitions of high-spin mer-1>* with the respective

wavelength (purple = electron loss; orange = electron gain). The two lowest transitions reflect the

split °T ground state.
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a) CT number
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=
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16: 375 nm 17: 367 n% 18: 353 19: 318 20: 308

Figure S11. a) Charge transfer analysis of the 50 lowest spin-allowed transitions of low-spin mer-
1** (red: MC, blue: LMCT, green: MLCT, gray: ILCT/LC, purple: LL’CT) and b) difference
densities of the 20 lowest spin-allowed transitions of low-spin mer-1** with the respective

wavelength (purple = electron loss; orange = electron gain).
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a) CT number
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Figure S12. a) Charge transfer analysis of the 50 lowest spin-allowed transitions of high-spin cis-

fac-1** (red: MC, blue: LMCT, green: MLCT, gray: ILCT/LC, purple: LL’CT) and b) difference

densities of the 20 lowest spin-allowed transitions of high-spin cis-fac-1>* with the respective

wavelength (purple = electron loss; orange = electron gain). The two lowest transitions reflect the

split °T ground state.
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Figure S13. &40 vs. T data obtained from optical measurements of 1[OTf]: in butyronitrile and

according to R In K = -AH/T+AS using AH =30(1) kJ mol " and AS = 107(3) J mol ' K.
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Figure S14. Variable temperature UV/Vis spectra of 1[OTf]z in acetone during cooling to 180 K
(cryostat).
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Figure S15. 7 vs. T data obtained from magnetic susceptibility measurements of 1]OTf]: using a

SQUID magnetometer during cooling (blue) and re-warming (red).
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Figure S16. Square-wave voltammograms of 1[OTf]z, | mM in acetonitrile containing 0.1 M

["BusN][PFs] as supporting electrolyte.
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Figure S17. 'H NMR spectrum of 1[OTF]: after addition of equivalent [FeCp:][PFs] in dry,

deaerated CD3CN at 293 K (* acetonitrile, ** ferrocene, *** unknown decomposition products).
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Figure S18. X-band EPR spectrum of 1[JOTf]: with 1 eq of [FeCp:][PFs] added in butyronitrile at
77 K before (blue) and after baseline (purple) correction (black) and simulated spectrum (red).
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a) CT number
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Figure S19. a) Charge transfer analysis of the 50 lowest spin-allowed transitions of low-spin mer-

1** (red: MC, blue: LMCT, green: MLCT, gray: ILCT/LC, purple: LL’CT) and b) difference

densities of the 20 lowest spin-allowed transitions of low-spin mer-1** with the respective

wavelength (purple = electron loss; orange = electron gain). The two lowest transitions reflect the

split °T ground state.
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Figure S20. UV/Vis spectra of 1[OTf]: during electrochemical oxidation in acetonitrile containing
0.1 M ["BuaN][PFs] at 300 K.
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Cartesian coordinates of DFT optimized geometries (atomic number, X, y, z coordinates)

mer-1**, low-spin

6
6
6
6
6
7
1
1
6
6
6
7
6
7
1
1
1
6
7
6
6
6
7
1
1
6
6
6
6
6
7
1
1
6
6
6
7
6
7
1
1
1
6
7
6
6
6
7
1
1
1
7
7

286

1.697611000
1.822343000
0.746398000
-0.438637000
-0.525854000
0.534203000
2.736640000
-1.272376000
1.635715000
2.341055000
3.790134000
3.883384000
2.787313000
1.717001000
4.299199000
2.089914000
2.276081000
-1.894681000
-3.044793000
-3.097448000
-2.264100000
-0.886409000
-0.918049000
-2.739741000
-0.337083000
1.342435000
1.270574000
0.065022000
-1.046266000
-0.931579000
0.253587000
2.132459000
-1.980126000
2.014117000
2.671247000
4.037895000
3.938646000
2.778248000
1.850501000
4.474681000
2.629934000
2.766920000
-2.124543000
-3.279238000
-3.281629000
-1.865448000
-1.053142000
-1.062209000
-3.868388000
-1.861092000
-0.016263000
2.839267000
-1.776697000

-2.801685000
-4.191657000
-4.956896000
-4.335937000
-2.945712000
-2.187877000
-4.670318000
-4.927071000
0.798382000
0.350751000
0.082471000
-0.732131000
-0.950419000
-0.222297000
-0.464902000
1.729380000
1.116564000
-1.228199000
-1.108063000
-0.183737000
1.044560000
0.612157000
-0.375720000
-0.689636000
0.185552000
2.530491000
3.924607000
4.529038000
3.745909000
2.356996000
1.754858000
4.530176000
4,211989000
-1.039820000
-0.442107000
0.062911000
0.841231000
0.867014000
-0.029692000
0.713317000
-1.865082000
-1.183757000
0.453080000
0.205395000
-0.686428000
-0.965129000
-1.347227000
-0.281284000
-0.199148000
-1.768481000
-1.548837000
-2.048346000
-2.350004000

0.111101000
0.132690000
0.528903000
0.865622000
0.791052000
0.428475000
-0.169633000
1.198893000
-2.164863000
-3.430711000
-3.083933000
-1.871388000
-1.084020000
-1.122965000
-3.882422000
-1.812680000
-4.203735000
1.893628000
2.625468000
3.754976000
3.468767000
3.008826000
1.927359000
4.658590000
3.854037000
0.554663000
0.518990000
0.231436000
0.003413000
0.081005000
0.340531000
0.733561000
-0.253412000
2.803172000
4.034560000
3.623917000
2.387812000
1.661651000
1.760325000
4.387442000
2.431825000
4.827258000
-0.907843000
-1.597774000
-2.757227000
-3.212893000
-1.992298000
-0.993287000
-3.540561000
-3.949648000
-2.249907000
-0.213191000
1.058914000
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-2.941753000
-2.949212000
-2.851332000
0.830436000
-0.008339000
0.393354000
-2.102687000
2.603366000
3.758908000
-3.366394000
-3.542218000
-3.279714000
5.225811000
5.265078000
4.128417000
4.107638000
5.165444000
5.526030000
5.914525000
-4.224585000
-4.229426000
-5.070148000
-4.312692000
-4.249477000
-5.095568000
-4.141193000
4.331132000
1.868077000
0.583621000
4.271818000
6.210574000
-0.310633000
-2.188323000
-2.749672000
1.033720000
2.059938000
4.728404000
5.041756000
5.168627000
5.988297000
5.882454000
5.029673000
3.822866000
3.609954000
5.380706000
-4.524806000
-4.595765000
-5.446757000
-4.384318000
-5.286946000
-4.957113000
-3.790635000
-1.433188000
-1.459939000

-3.218603000
-4.067048000
-3.608896000
-6.034760000
5.607467000
-0.221002000
1.594944000
1.948208000
2.812168000
2.319014000
3.048274000
2.863251000
-1.208036000
-1.748288000
-2.729067000
-3.173098000
-0.946791000
-1.982956000
-0.367876000
-1.940585000
-2.461472000
-3.135098000
-1.636941000
-2.774109000
-1.314751000
0.082842000
1.023435000
-0.556037000
1.005837000
-3.532037000
-2.257198000
1.466294000
1.659460000
1.642375000
-1.448644000
0.381078000
-0.773440000
2.022545000
1.515074000
0.796882000
2.668812000
1.198162000
3.643342000
3.226389000
2.345290000
1.353200000
0.700936000
1.894245000
0.608130000
-0.147204000
1.415900000
-1.621613000
-0.076074000
-2.266551000

0.808136000
1.495778000
-0.204809000
0.572226000
0.182869000
0.391576000
-0.091789000
0.782466000
0.486076000
0.125010000
-0.671405000
1.062424000
-1.557261000
-0.147020000
-0.004121000
0.989462000
0.586288000
-2.270959000
-1.682195000
2.423125000
1.006362000
0.843928000
0.296680000
3.135236000
2.621485000
3.918602000
-2.934067000
-3.816485000
-2.344513000
-0.732919000
0.037437000
2.669514000
4.366321000
2.697405000
3.030539000
4.412988000
3.472081000
0.571423000
1.988980000
2.085312000
0.321797000
-0.142700000
1.194712000
-0.509734000
2.671373000
0.148295000
-1.212328000
0.358292000
0.933393000
-1.213729000
-1.958878000
-2.497331000
-3.679770000
-1.562760000
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mer-1*", high-spin
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1.744217000
1.903949000
0.830056000
-0.383340000
-0.489080000
0.561106000
2.835380000
-1.217325000
1.740973000
2.496643000
3.927384000
3.976537000
2.839018000
1.752777000
4.454650000
2.199895000
2.474724000
-1.942138000
-3.188355000
-3.364725000
-2.407645000
-1.006546000
-0.925823000
-3.212761000
-0.648819000
1.299993000
1.230396000
0.012622000
-1.104961000
-0.981274000
0.207705000
2.097504000
-2.042178000
2.182364000
3.019878000
4.317624000
4.075640000
2.825097000
1.883490000
4.843911000
2.731500000
3.232070000
-2.208903000
-3.396670000
-3.446319000
-2.052566000
-1.229683000
-1.153481000
-4.008704000
-2.100211000
-0.212737000
2.873187000
-1.758491000
-2.898263000
-3.004828000

-2.972882000
-4.358592000
-5.123626000
-4.519815000
-3.138724000
-2.389211000
-4.836293000
-5.111656000
0.588986000
0.121767000
-0.148852000
-0.887164000
-1.130476000
-0.437204000
-0.750884000
1.507988000
0.873268000
-1.449553000
-1.259166000
-0.345636000
0.823126000
0.290471000
-0.677747000
-0.895251000
-0.189091000
2.697387000
4.091736000
4.696433000
3.921597000
2.529061000
1.938376000
4.694175000
4.399073000
-0.825617000
-0.251715000
0.242127000
0.976255000
1.048678000
0.199707000
0.918114000
-1.650395000
-1.003054000
0.640278000
0.393695000
-0.407790000
-0.734962000
-1.163794000
-0.091036000
0.169219000
-1.523799000
-1.430496000
-2.198773000
-2.540304000
-3.413011000
-4.217927000

0.201627000
0.305076000
0.712963000
0.985187000
0.833421000
0.458618000
0.056806000
1.321380000
-2.226578000
-3.455829000
-3.039045000
-1.771279000
-1.052862000
-1.190575000
-3.784912000
-1.845529000
-4.245226000
1.892242000
2416047000
3.546073000
3.452045000
3.229196000
2.138599000
4.481442000
4.147748000
0.603028000
0.613181000
0.374397000
0.141355000
0.169345000
0.395485000
0.819363000
-0.081245000
2.924995000
4.053500000
3.450119000
2.203221000
1.656868000
1.930427000
4.130305000
2.456932000
4.814143000
-0.871009000
-1.502226000
-2.730248000
-3.223582000
-2.025030000
-1.039899000
-3.470226000
-3.974430000
-2.304938000
-0.139199000
1.030984000
0.692891000
1.425358000
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9. Panchromatic Absorption and Oxidation of an Iron(Il) Spin Crossover Complex

-2.687473000
0.939210000
-0.065842000
0.375977000
-2.152428000
2.573891000
3.704785000
-3.412050000
-3.612851000
-3.291732000
5.308929000
5.289234000
4.172184000
4.114117000
5.124786000
5.641570000
5.995477000
-4.371374000
-4.181694000
-5.010530000
-4.136016000
-4.565735000
-5.222524000
-4.399448000
4.479089000
2.032658000
0.702513000
4.370074000
6.236251000
-0.312804000
-2.455744000
-2.694625000
1.239348000
2.480023000
4.987931000
4.973024000
5.256911000
6.080153000
5.790846000
4.850244000
3.863009000
3.446645000
5.543120000
-4.570516000
-4.694552000
-5.482250000
-4.396930000
-5.396953000
-5.064872000
-4.010116000
-1.593510000
-1.679371000

-3.865443000
-6.195288000
5.775794000
-0.229765000
1.760474000
2.104975000
2951256000
2.476824000
3.227615000
2.993722000
-1.341452000
-1.825524000
-2.831400000
-3.236126000
-0.992923000
-2.139602000
-0.500698000
-2.028726000
-2.622090000
-3.284761000
-1.833927000
-2.817470000
-1.346144000
-0.003060000
0.789688000
-0.787964000
0.823880000
-3.657549000
-2.298175000
1.098624000
1.415564000
1.464738000
-1.234244000
0.570548000
-0.597740000
2.135782000
1.644292000
0.925276000
2757779000
1.298422000
3.778771000
3.370908000
2.479173000
1.511870000
0.896832000
2.046083000
0.741103000
0.058528000
1.635812000
-1.325363000
0.142588000
-2.053894000

-0.274567000
0.817038000
0.365240000
0.456941000
-0.019586000
0.765105000
0.336812000
0.260014000
-0.509297000
1.209256000
-1.392475000
0.036598000
0.158133000
1.166673000
0.721392000
-2.065124000
-1.520295000
2.043926000
0.668983000
0.421771000
-0.084215000
2.779340000
2.066137000
3.532862000
-2.927213000
-3.844424000
-2.450319000
-0.530066000
0.294586000
3.006867000
4.366678000
2.620675000
3.278157000
4.529242000
3.242724000
0.269784000
1.668544000
1.684145000
-0.091751000
-0.418290000
1.034551000
-0.633522000
2.317334000
0.302224000
-1.069771000
0.567086000
1.053470000
-1.073493000
-1.788194000
-2.533908000
-3.685433000
-1.573555000
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9. Panchromatic Absorption and Oxidation of an Iron(ll) Spin Crossover Complex

cis-fac-1*", low-spin
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5.950385000
6.887734000
4.702536000
3.251122000
2.017883000
2.912867000
4.239294000
2.691682000
0.653598000
2.054516000
4.380884000
6.632306000
7.350257000
5.593703000
7.184139000
7.281237000
7.099958000
8.410289000
9.294440000
8.578450000
8.190119000
8.238183000
8.953348000
5.886951000
6.832322000
7.532252000
5.452343000
5.532095000
4.822087000
4,860808000
3.904427000
5.535461000
3.474913000
2.508649000
2.683668000
1.326815000
0.563729000
1.147285000
0.264642000
2.148681000
0.722066000
0.582656000
-0.068450000
0.754675000
1.033215000
1.785939000
2.184324000
1.318042000
3.126126000
3.871771000
3.311299000
4.340349000
4.918802000
4.503967000

2.957099000

2.226160000
0.474884000
0.309116000
2.154832000
4.154014000
6.205168000
4.668317000
3.436039000
2.667715000
1.182511000
1.275197000
1.602772000
3.394665000
3.696931000
2991453000
3.644459000
3.627842000
2.107876000
2.714618000
1.557377000
1.125807000
1.627476000
0.345311000
1.063388000
-0.833505000
-1.491550000
-1.454905000
-2.528000000
-1.028316000
-1.141714000
-1.616694000
-1.466727000
0.884157000
0.147929000
-0.870394000
0.773943000
0.229682000
2.113891000
2.615961000
2.791176000
4.794291000
5.571093000
4.068706000
5.424456000
4.674113000
6.532734000
6.793544000
7.431142000
5.013648000
7.306454000
8.218276000
7.435209000
7.037059000
7.214223000

12.369363000

13.471914000
14.758019000
13.928725000
13.850053000
14025908000
14.684705000
13.481060000
11.283808000
10.314655000
11.379269000
11.219627000
10.645534000
9.356812000

10.906776000
13.643296000
12.782503000
14.528751000
13.773551000
13.971147000
12.847919000
14.898565000
15.870673000
14.894175000
14.042350000
15.420496000
14.892865000
15.405734000
15.581110000
16.187845000
14.045370000
13.859908000
13.251813000
14.247930000
14935125000
15.233905000
15.278235000
15.818599000
14.996519000
15.349982000
14.296275000
14.271195000
13.519641000
14.126122000
15.648228000
16.389978000
15.565726000
16.549676000
15.152300000
14.059171000
14.599122000
14.380295000
15.579995000
13.546385000
12.550976000
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9. Panchromatic Absorption and Oxidation of an Iron(Il) Spin Crossover Complex

5.762189000
5.360137000
5.797947000
6.128079000
2.399911000
2.828265000
2.908774000
0.915275000
0.766039000
0.411310000
1.843523000
-0.025648000
0.272297000
0.828329000
1.095500000
0.281382000
3.254642000
3.279327000
2.372293000
4.502642000
4.560631000
5.645640000
6.574335000
5.541087000
7.940637000
8.705915000
8.051229000
8.055376000
8.998043000
7.246741000
7.955559000
7.385745000
8.952705000
6.470662000
7.559074000
8.636236000
7.144493000
6.894007000
7.470901000
6.836225000
5.508024000
4.947467000
4.952690000
0.150430000
0.316342000
-1.065768000
-0.795357000
0.841564000
-0.770654000
0.702507000
-0.210796000
7.203848000

7.713978000
5.589409000
5.436673000
5.349360000
4.794062000
5.488968000
4.959753000
5.062803000
6.035712000
5.081091000
2.512697000
0.268835000
-0.609842000
0.430120000
-0.518440000

1.003300000
0.540213000
-0.814623000
-1.391958000
-1.387232000
-2.436123000
-0.608400000
-1.047563000
0.748804000
1.047530000
1.681923000
0.058289000

1.070825000
0.639531000
0.478537000
2.532872000
2.633822000
2.935738000
2.955485000
4.820449000
4.999974000
5.072157000
5.652959000
5.621942000
6.692128000
5.075279000
5.109950000
5.654985000
1.521393000
3.976740000
0.131018000

1.830710000
1.317716000
4.053862000
4.052693000
5.842973000
-0.711899000

13.683846000
13.678020000
14.670287000
12954517000
10.805445000
11.521731000
9.854458000
10.627311000
10.157152000
11.591972000
10.979792000
10.407693000
9.834859000
11.661811000
12115860000
12.409417000
11.124270000
10.791078000
10.723533000
10.501635000
10.242828000
10.460807000
10.142822000
10.777570000
10.277976000
10.724185000
10.706361000
8.767075000
8.430819000
8.337695000
8.331505000
7.403120000
8.148559000
10.301589000
9.107774000
9.062141000
8.126407000
10.180936000
11.107425000
9.855697000
10.415958000
9.477110000
11.140597000
9.538979000
9.763130000
10.705141000
9.099873000
8.714419000
9.715991000
8.739255000
15.932033000
16.440376000
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9. Panchromatic Absorption and Oxidation of an Iron(ll) Spin Crossover Complex

cis-fac-1*", high-spin
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4.452861000

5.970892000
6.813358000
4.597291000
3.237507000
2.038667000
2.918695000
4.253028000
2.626997000
0.669006000
2.150006000
4.453456000
6.714385000
7.344881000
5.732178000
7.237385000
7.340050000
7.207850000
8.411589000
9.343716000
8.500686000
8.177195000
8.341609000
8.865357000
5.833777000
6.676418000
7.332962000
5.257857000
5.269744000
4.658045000
4.680980000
3.704079000
5.338099000
3.390101000
2.370790000
2.482361000
1.205819000
0.405980000
1.071105000
0.182141000
2.130611000
0.738489000
0.642164000
-0.052428000
0.712121000
0.942582000
1.761471000
2.123618000
1.322146000
3.139749000
3.877765000
3.310991000
4.357974000
4.914076000
4.479549000

3.089533000

2.166675000
0.321116000
0.326417000
2.244448000
4.274290000
6.326000000
4.837514000
3.411287000
2.526556000
1.112762000
1.289947000
1.680786000
3.443665000
3.803259000
2.867426000
3.587018000
3.435250000
1.906293000
2.434783000
1.423954000
0.855366000
1.269652000
0.017139000
0.994309000
-0.976145000
-1.678074000
-1.508306000
-2.586786000
-1.056035000
-1.134637000
-1.559067000
-1.471942000
0.947039000
0.218156000
-0.820050000
0.885217000
0.351476000
2.237871000
2.748813000
2.902323000
4.929055000
5.701056000
4.210902000
5.564164000
4.810469000
6.659228000
6.907153000
7.566630000
5.148849000
7.431510000
8.345972000
7.536466000
7.200727000
7.388194000

12.386462000
13.599507000
14.794507000
14022758000
14.068150000
14.164467000
14.852181000
13.612724000
11.250659000
10.251975000
11.311711000
10.999045000
10.517367000
9.134701000
10.811871000
13.790088000
12.979543000
14.726505000
13.802909000
14005646000
12.829346000
14.864782000
15.864835000
14739330000
14.134516000
15.468414000
14.943287000
15.453343000
15.612555000
16.244730000
14,101610000
13.905456000
13.298804000
14.371157000
14.990096000
15.248619000
15.319157000
15.815743000
15.068397000
15.392713000
14.440040000
14.346417000
13.581737000
14.172123000
15.721629000
16.476228000
15.691267000
16.692198000
15.266847000
14.208771000
14.780650000
14.593465000
15.758405000
13.704790000
12.719238000
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9. Panchromatic Absorption and Oxidation of an Iron(Il) Spin Crossover Complex

5.746195000
5.374464000
5.847257000
6.121484000
2280171000
2.686420000
2.776559000
0.780234000
0.560768000
0.297487000
1.853706000
0.106642000
0.460248000
0.958964000
1.265134000
0.394859000
3.368298000
3.447159000
2.574263000
4.697067000
4.799144000
5.815989000
6.764880000
5.646358000
8.037774000
8.784485000
8.182134000
8.140428000
9.094574000
7.349608000
7.986997000
7.420348000
8.970340000
6.542875000
7.524905000
8.593332000
7.027475000
6.962559000
7.618755000
6.889528000
5.602808000
4.939706000
5.129213000
0.194203000
0.227463000
-0.920274000
-0.778789000
0.867180000
-0.863349000
0.569856000
-0.260154000
7.056683000

7.891082000
5.756367000
5.581012000
5.530372000
4.752137000
5.468888000
4.936338000
4.938713000
5.903301000
4.919471000
2.433510000
0.096770000
-0.761691000
0.313375000
-0.616662000
0.875532000
0.505371000
-0.869502000
-1.500628000
-1.398094000
-2.458866000
-0.585112000
-1.017733000
0.788419000
1.151848000
1.825168000
0.182657000

1.118321000
0.707180000
0.480603000
2.555889000
2.595768000
2.985415000
3.032625000
4.866444000
5.042420000
5.091305000
5.733282000
5.715160000
6.764657000
5.175252000
5.206194000
5.768719000
1.356719000
3.825089000
-0.108972000

1.619615000
1.183765000
3.829106000
3.945935000
5.996688000
-0.872804000

13.844999000
13.795362000
14.768716000
13.039107000
10.771657000
11.482515000
9.815073000
10.614889000
10.155219000
11.592133000
10.922495000
10.371899000
9.800167000
11.618148000
12.085024000
12.361642000
11.025546000
10,787411000
10.782594000
10.522101000
10.332146000
10.443881000
10.180875000
10.653760000
10.163712000
10.584761000
10.626177000
8.651991000
8.322587000
8.255510000
8.154722000
7.220422000
7.957644000
10.151483000
8.833197000
8.687644000
7.884823000
9.940697000
10.814202000
9.594430000
10.319803000
9.448489000
11.096392000
9.496463000
9.748861000
10.675681000
9.087697000
8.650984000
9.742084000
8.714457000
15.957621000
16.487153000

S23
293



9. Panchromatic Absorption and Oxidation of an Iron(ll) Spin Crossover Complex

trans-fac-1**, low-spin

6
6
6
6
6
7
1
1
6
6
6
7
6
7
1
1
1
6
7
6
6
6
7
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6
6
6
6
6
7
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1

6
6
6
7
6
7
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6
7
6
6
6
7
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1

7
7
6
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1.643488000
1.639530000
0.431380000
-0.750062000
-0.688482000
0.486611000
2.554971000
-1.689222000
2.302363000
3.483365000
4.701424000
4.402609000
3.110440000
2.107010000
5.526414000
2.427181000
3.664273000
-1.921604000
-2.934499000
-3.084999000
-1.736514000
-1.111371000
-1.026566000
-3.782438000
-1.716769000
1.635576000
1.631856000
0.415606000
-0.757602000
-0.688593000
0.477140000
2.542453000
-1.692423000
2216152000
2.515567000
3.838963000
3.936773000
2.899819000
2.008928000
3.969938000
3.071660000
2.591597000
-1.844839000
-2.899669000
-3.069417000
-2.475853000
-1.053792000
-0.970875000
-4.135881000
-2.480376000
-0.645070000
2.882954000
-1.863455000
-3.154150000
-3.773444000

-2.532894000
-3.908310000
-4.572252000
-3.863368000
-2.489531000
-1.859443000
-4.451433000
-4.359512000
1.376567000
1.255984000
0.853388000
-0.314085000
-0.614025000
0.179237000
0.577773000
2.249626000
2.198818000
-0.489337000
-0.337743000
0.929696000
1.597807000
1.700967000
0.405901000
1.582915000
2.377926000
2.676878000
4.072853000
4.733423000
4.026197000
2.631848000
1.981766000
4.640174000
4.538373000
-1.389436000
-1.046247000
-0.306758000
0.591473000
0.749028000
-0.170175000
0.292995000
-1.934236000
-1.942436000
0.633331000
0.526584000
-0.683326000
-1.866977000
-1.528401000
-0.280703000
-0.821624000
-2.743727000
-2.326256000
-1.874074000
-1.733618000
-2.403139000
-1.750855000

-0.922980000
-1.167316000
-1.263777000
-1.190941000
-0.955679000
-0.719999000
-1.317954000
-1.367762000
-2.438069000
-3.383295000
-2.586722000
-1.756971000
-1.425299000
-1.633220000
-3.245795000
-1.788787000
-3.900431000
-1.605003000
-2.507691000
-3.224028000
-3.383177000
-2.008652000
-1.332585000
-2.687852000
-1.403594000
0.803599000
0.719309000
0.784262000
0.962889000
0.963556000
0.776197000
0.653758000
1.122415000
2.202455000
3.652530000
3.653145000
2.496563000
1.619801000
1.425503000
4.558807000
1.796708000
4.267878000
1.799428000
2.663486000
3.462066000
2.730539000
2.311389000
1.538678000
3.645477000
3.378526000
1.695181000
-0.837299000
-0.944855000
-0.755237000
-0.134685000
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-2.996133000
0.414308000
0.394899000
0.462198000
-1.832925000
2.835693000
4.070514000
-3.171580000
-3.711832000
-3.082054000
5.580744000
5.241722000
4.027981000
3.727912000
5.043985000
5.954832000
6.359476000
-4.063222000
-3.828339000
-4.782108000
-3.190062000
-4.951793000
-4.247280000
-3.529895000
5.050911000
3.271102000
1.397789000
4.281305000
6.067281000
-0.118755000
-1.858449000
-1.104701000
1.350974000
1.714198000
4.668847000
5.296145000
5.167323000
5.992393000
6.181853000
5.387722000
4.075151000
4.076382000
5.173830000
-3.913254000
-3.428896000
-4.985113000
-3.725434000
-2.652508000
-4.241022000
-2.578046000
-3.078466000
-0.422518000

-3.320596000
-5.635062000
5.815159000
0.042703000
1.870587000
1.977556000
2.763003000
2.413388000
1.643917000
3.276571000
-1.065590000
-1.927894000
-2.745135000
-3.395575000
-1.310483000
-1.677228000
-0.340629000
-1.252996000
-2.619317000
-3.134144000
-3.225407000
-0.795081000
-1.329389000
0.701140000
1.680754000
0.492564000
1.546147000
-3.378361000
-2.598527000
2.133969000
2.588112000
1.004404000
-2.027830000
-0.422557000
-1.018508000
1.927127000
1.364110000
0.688292000
2.554665000
1.112144000
3.611934000
3.154310000
2.168940000
2.731257000
1.763095000
2.626338000
3.755750000
2.233926000
1.479074000
-0.553306000
-2.104056000
-1.448650000

-0.198699000
-1.465866000
0.756671000
0.070366000
1.137520000
0.920176000
0.743310000
0.871905000
0.318461000
0.221218000
-1.338951000
-0.150702000
-0.517772000
0.300524000
0.727662000
-2.166958000
-1.093152000
-2.701600000
-2.093719000
-1.977514000
-2.738415000
-2.251777000
-3.774249000
-4.192499000
-1.959000000
-4.136415000
-3.018330000
-1.373380000
0.085270000
-2.045816000
-3.822312000
-4.048635000
2.094373000
4.054760000
3.604329000
1.021138000
2.417227000
2.654636000
0.932776000
0.303222000
1.430672000
-0.274148000
3.161677000
2.167734000
3.251692000
1.993958000
2.491818000
3.863139000
3.916466000
4.433171000
1.855066000
3.199662000
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trans-fac-1**, high-spin

6
6
6
6
6
7
1
1
6
6
6
7
6
7
1
1
1
6
7
6
6
6
7
1
1
6
6
6
6
6
7
1
1
6
6
6
7
6
7
1
1
1
6
7
6
6
6
7
1
1
1
7
7
6
1
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1.671062000
1.673979000
0.458492000
-0.727273000
-0.660299000
0.515708000
2.588500000
-1.664949000
2.314480000
3.518036000
4.717886000
4.413383000
3.119409000
2.108890000
5.569817000
2.416802000
3.699525000
-1.941579000
-3.038180000
-3.279370000
-1.969077000
-1.214758000
-1.041838000
-3.944383000
-1.760750000
1.670622000
1.671276000
0.449285000
-0.734452000
-0.658312000
0.515989000
2.578921000
-1.672107000
2.244158000
2.570742000
3.897718000
3.972409000
2.942851000
2.063881000
4.050100000
3.069367000
2.649548000
-1.827008000
-2.845128000
-3.035058000
-2.545010000
-1.126603000
-1.010646000
-4.096331000
-2.572982000
-0.785524000
2.897039000
-1.830029000
-3.105048000
-3.686998000

-2.609604000
-3.991629000
-4.644831000
-3.936779000
-2.556495000
-1.936718000
-4.546108000
-4.441107000
1.390394000
1.322732000
0.905115000
-0.307327000
-0.639948000
0.155928000
0.677013000
2.236887000
2.288146000
-0.543609000
-0.397733000
0.872850000
1.576943000
1.669573000
0.369154000
1.501625000
2.330478000
2.713867000
4.106279000
4.760461000
4.063622000
2.670256000
2.025648000
4.677703000
4.587650000
-1.396559000
-1.112139000
-0.379725000
0.598324000
0.767681000
-0.151174000
0.158297000
-1.965761000
-2.031348000
0.665783000
0.615081000
-0.583939000
-1.798196000
-1.534278000
-0.287836000
-0.666710000
-2.677056000
-2.348063000
-1.931850000
-1.790018000
-2.453412000
-1.783970000

-1.045968000
-1.255974000
-1.360954000
-1.308463000
-1.104921000
-0.905861000
-1.370543000
-1.472435000
-2.380536000
-3.299970000
-2.485821000
-1.724389000
-1.439797000
-1.626732000
-3.128123000
-1.692779000
-3.773144000
-1.730747000
-2.527056000
-3.216194000
-3.488618000
-2.179375000
-1.533089000
-2.614563000
-1.501926000
0.872957000
0.719699000
0.715474000
0.877693000
0.958154000
0.875202000
0.647555000
0.963794000
2.192308000
3.648902000
3.664212000
2.572724000
1.690945000
1.454954000
4.604348000
1.757361000
4.228934000
1.802713000
2.712114000
3.523416000
2.762443000
2.278701000
1.512268000
3.761432000
3.407251000
1.639415000
-0.926831000
-1.077207000
-0.787547000
-0.149633000
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-2.909755000
0.439001000
0.427763000

0.518456000

-1.799741000
2.872342000
4.104385000

-3.138816000

-3.709342000

-3.061606000
5.590315000
5.224331000
4.044250000
3.722139000
4.976364000
5.996197000
6.350950000

-4.133208000

-3.854931000

-4.796798000

-3.250037000

-5.029750000

-4.323581000

-3.800968000
5.027646000
3.336547000
1.419409000
4.340039000
6.054133000

-0.238476000

-2.156827000

-1.388613000
1.352047000
1.780723000
4.723914000
5.336142000
5.186895000
6.020601000
6.213303000
5.457352000
4.089788000
4.120392000
5.156848000

-3.829080000

-3.329993000

-4.908570000

-3.605954000

-2.525243000

-4.125928000

-2.488810000

-3.203051000

-0.453592000

-3.354433000
-5.711490000
5.839640000
0.045033000
1.898609000
2.019007000
2.813813000
2.454146000
1.675147000
3.292704000
-1.054202000
-1.950479000
-2.785315000
-3.449633000
-1.352694000
-1.639278000
-0.325715000
-1.358598000
-2.708765000
-3.225746000
-3.328980000
-0.918837000
-1.455303000
0.640986000
1.706387000
0.587562000
1.572432000
-3.404434000
-2.607232000
2.122887000
2.569975000
1.009420000
-2.001410000
-0.498327000
-1.089047000
1.991356000
1.399715000
0.737819000
2.634279000
1.189917000
3.662786000
3.206794000
2.189287000
2.827026000
1.876845000
2.743576000
3.855033000
2.346860000
1.628811000
-0.479780000
-1.991081000
-1.500941000

-0.215931000
-1.542882000
0.633110000
-0.061862000
1.116490000
1.032479000
0.870117000
0.878766000
0.372368000
0.194681000
-1.292627000
-0.138471000
-0.569250000
0.229588000
0.740917000
-2.124581000
-1.004815000
-2.703582000
-2.076604000
-1.892395000
-2.739628000
-2.253563000
-3.773876000
-4.144490000
-1.806804000
-4.088432000
-2.970790000
-1.421416000
0.119758000
-2.319179000
-3.897862000
-4.220522000
2.080737000
4.087479000
3.553314000
1.159708000
2.541907000
2.786230000
1.100035000
0.429786000
1.557387000
-0.146879000
3.301793000
2.188567000
3.283094000
2.054632000
2.476596000
3.856613000
3.981097000
4.467644000
1.915427000
3.139587000
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1**, low-spin

1.677145000
1.788497000
0.702856000
-0.478341000
-0.554738000
0.511380000
2.700764000
-1.313902000
1.603233000
2.358767000
3.801405000
3.877623000
2.780200000
1.690967000
4.356449000
2.020399000
2.293502000
-1.874881000
-3.001203000
-3.091844000
-2.135780000
-0.781557000
-0.859475000
-2.880146000
-0.359478000
1.322585000
1.238306000
0.025817000
-1.083187000
-0.959687000
0.230290000
2.097678000
-2.018920000
1.990732000
2.666671000
4.031786000
3.922847000
2.766091000
1.824845000
4.484493000
2.599280000
2.764187000
-2.117099000
-3.255197000
-3.246071000
-1.831886000
-0.989033000
-1.020380000
-3.866537000
-1.806972000
0.047770000
2.822555000
-1.789243000
-2.973186000
-2.942273000

-2.796588000
-4.184564000
-4.947650000
-4.329328000
-2.939738000
-2.188564000
-4.663165000
-4.924044000
0.829576000
0.422488000
0.192328000
-0.669560000
-0.935488000
-0.215943000
-0.311328000
1.765871000
1.205568000
-1.201455000
-1.011316000
0.018570000
1.156971000
0.588652000
-0.360088000
-0.455733000
0.069296000
2.518500000
3.908750000
4.506150000
3.722904000
2.336212000
1.744803000
4.518540000
4.187942000
-1.087733000
-0.517117000
-0.022134000
0.785542000
0.851588000
-0.047581000
0.614054000
-1.905560000
-1.280959000
0.423106000
0.108745000
-0.800275000
-1.021607000
-1.375810000
-0.298452000
-0.336109000
-1.829330000
-1.544737000
-2.045158000
-2.332218000
-3.195167000
-4.053685000

0.079878000
0.075818000
0.446276000
0.797750000
0.760822000
0.404432000
-0.231611000
1.116752000
-2.134511000
-3.382455000
-2.993232000
-1.808200000
-1.063156000
-1.109613000
-3.787141000
-1.757060000
-4.136683000
1.871065000
2.588038000
3.631884000
3.374655000
3.011910000
1.891968000
4.594203000
3.876611000
0.573928000
0.549683000
0.280110000
0.047835000
0.102064000
0.359329000
0.758825000
-0.201954000
2.752583000
3.983490000
3.563847000
2.342077000
1.639895000
1.732070000
4.327428000
2.359372000
4.753527000
-0.897662000
-1.553160000
-2.706174000
-3.187860000
-1.983035000
-0.986309000
-3.474846000
-3.917920000
-2.256486000
-0.219679000
1.065926000
0.833648000
1.503241000
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-2.914604000
0.776965000
-0.053801000
0.367015000
-2.117830000
2.585236000
3.737734000
-3.394299000
-3.550675000
-3.318111000
5.211995000
5.254048000
4.110994000
4.072432000
5.170726000
5.471551000
5.917040000
-4.161358000
-4.254079000
-5.087710000
-4.409131000
-4.078264000
-5.034790000
-4.122018000
4.304513000
1.925445000
0.552465000
4.251558000
6.193398000
-0.089875000
-2.057792000
-2.507662000
1.013950000
2.070982000
4.712874000
5.025131000
5.138976000
5.973633000
5.860039000
5.035752000
3.787511000
3.582226000
5.301300000
-4.546689000
-4.582706000
-5.473237000
-4.422613000
-5.269941000
-4.907832000
-3.715925000
-1.443987000
-1.364130000

-3.556467000
-6.026265000
5.583954000
-0.225173000
1.566823000
1.941585000
2.818901000
2.291007000
3.001646000
2.849133000
-1.197727000
-1.760296000
-2.734722000
-3.180383000
-0.966481000
-1.966158000
-0.372994000
-1.901572000
-2.452584000
-3.147168000
-1.646737000
-2.708920000
-1.305564000
0.371046000
1.140880000
-0.488469000
1.007003000
-3.532413000
-2.283281000
1.376694000
1.774533000
1.788240000
-1.496089000
0.302204000
-0.858325000
2.039712000
1.515151000
0.818852000
2.699798000
1.224672000
3.643838000
3.231656000
2.336056000
1.320768000
0.630590000
1.865320000
0.601129000
-0.217925000
1.321082000
-1.746168000
-0.119157000
-2.304608000

-0.191696000
0.461015000
0.244794000
0.385342000
-0.104093000
0.784792000
0.487163000
0.087387000
-0.726876000
1.016137000
-1.524083000
-0.124632000
0.004817000
0.996872000
0.618749000
-2.258083000
-1.646759000
2.504712000
1.102947000
1.011444000
0.385956000
3.238415000
2.761536000
3.654663000
-2.782861000
-3.802192000
-2.346094000
-0.727224000
0.046564000
2.745290000
4.269088000
2.570615000
2.987813000
4.390887000
3.382117000
0.575414000
1.985893000
2.091251000
0.346085000
-0.148703000
1.201074000
-0.507746000
2.690703000
0.117151000
-1.222455000
0.289790000
0.927245000
-1.223898000
-2.005116000
-2.421312000
-3.666197000
-1.548606000
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Personal data

date and place of birth: [ GG
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at the Johannes Gutenberg University in Mainz
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