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1 Introduction

For several decades now, exceptional effort has been devoted to the synthetic preparation[1_3]

and examination of the reactivity,[4_7] molecular, (811 and electronic structures!!2:13] of termi-
nal, high-valent oxidometal and nitridometal complexes. Such compounds are characterized by
a transition metal center in a high oxidation state, typically equal or larger than +1v,[10.14,15]
linked to an O2~- or N3~ -ligand via a multiple bond.['0:17] The tremendous interest in these
species arises from the occurrence of oxidoiron(+1V) complexes as reactive intermediates in
the catalytic cycles of numerous metalloenzymes.[18_21] These biocatalysts are capable of per-
forming a variety of remarkable reactions in aqueous solution, under ambient conditions, and
(almost) exclusive application of earth-abundant elements,[2223] a5 opposed to many industrial
processes, often relying on extreme temperature and pressure, organic solvents, or catalysts
based on rare metals.[2425] |n addition, biosynthetic processes exhibit an outstanding perfor-
mance with regard to regio- and stereoselectivity. Hence, chemists are tempted to develop a
profound understanding of the natural catalysts in order to exploit their unique reactivity in
artificial processes.

The presumably most prominent examples are enzymes of the superfamily cytochrome
P450, which are widely distributed in nature and responsible for selective hydroxylations of
hydrocarbons, epoxidations of alkenes, and other reactions, facilitated by controlled activa-
tion of dioxygen molecules.[26:27] The catalytically active side of these enzymes consists of
an iron(+Il1) protoporphyrin IX complex (see Figure 1(a)), a prosthetic group referred to as
'heme’, linked to the protein backbone by an axially coordinated thiolate anion group provided
by a deprotonated cysteine (Cys) unit.[2628] Due to their universal occurrence in metabolic
transformations, the underlying catalytic cycles conducted by these enzymes have been sub-
jected to extensive investigations and several sequential steps can already be considered as
largely understood.[21:29.30] Nevertheless, the details of the crucial oxygen atom insertion into
inert C—H bonds are hitherto not fully clarified. This intriguing reaction step is assumed to pro-
ceed via a sequence of a hydrogen atom abstraction and an oxygen rebound enabled by an oxi-
doiron species two oxidizing equivalents above the ferric resting state of the heme group,[31_33]
i.e. formally an iron(+V) complex. In order to elucidate the properties of this reactive com-
pound, several artificial model systems have been prepared, trapped in inert, low-temperature
matrices, and analyzed by nuclear magnetic resonance (NMR),[34_36] ultraviolet-to-visible (UV-
Vis),[37_39] electron paramagnetic resonance (EPR),[4O'41] and Méssbauer[42-43] spectroscopy.
More recently, generation, trapping, and characterization of the elusive intermediates of cy-
tochrome P450 enzymes themselves became feasible.[46-48] By this means, it was demon-
strated that one oxidizing equivalent is in fact not removed from the iron center, but from
the T-system of the porphyrindiido ligand. Hence, the reactive intermediate - the so-called
Compound | - is best described as an oxidoferryl species, carrying a porphirinidyl radical
anion ligand (por®, a 'm-radical’ ligand), [Fet'V(por*)(0%)]* (i), as depicted in Figure
1(a), rather than an oxidoperferryl species, embedded in a dianionic porphyrin ligand (porz‘),
[FetV(por?)(0%)] T (ii).3749)



[(por")Fe+|V: O'”} " — [(por2')Fe+V = O'”]+ (1)

(i) (i)

The possibility of two distinct electronic structures of the same molecule is referred to as
valence tautomerism (cf. Equation (1)).159 In this case, it arises from the fact that the highest
occupied m-orbitals of the porphyrindiido ligand are of similar energy as the d-orbitals of the
complexed iron atom.[51-53] with increasing oxidation state of the iron cation, its d-orbitals
are lowered in energy and, thus, the alternative oxidation of the macrocyclic ligand becomes
more likely.[?*5] In other words, structure (ii) is not stable because the redox non-innocent
porphyrindiido ligand will partially compensate the high electron deficiency at the iron center

by an intramolecular one-electron transfer, yielding structure (i).

(a) Compound I. (b) [Fe(tpp)(N)] ([2]).

Figure 1: Lewis formulae of (a) Compound | and (b) [Fe(tpp)(N)] ([2]). Roman numerals
indicate the oxidation states of iron atoms and the axial oxygen and nitrogen atom.
For clarity, only one resonance structure is depicted for each complex. The two
negative formal charges at the opposite nitrogen atoms of the porphyrin macrocycle
are actually delocalized over the o-lone pairs of all four nitrogen atoms. Likewise,
the unpaired electron and positive formal charge in (a) are in fact delocalized over
all atoms contributing to the extended m-system. The cysteine group in (a) connects
the oxidoheme group to the protein backbone.

Interestingly, although the ferryl m-radical structure (i) has been proven to be the electronic
ground state of Compound |, the perferryl structure (ii), representing an excited state of the
complex, was proposed to play a significant role in at least some reactions.[1:56-60] This hy-
pothesis was suggested as examinations of artificial model complexes of Compound | could
not reproduce all aspects of its reactivity successfully.[61_65] In fact, especially the captivating

hydroxylations of alkanes could be hardly mimicked, indicating a more reactive species to be
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imperative. These findings pointed out that intrinsic parts of the underlying reaction mecha-
nism are not yet sufficiently understood and more exploration in this field is urgently required.

In contrast to the introduction of hydroxyl groups by direct insertion of an oxygen atom
into alkanes, nature utilizes preoxidized carbon centers to build amine groups. For instance,
the synthesis of glutamate and glutamine from ammonia and o-ketoglutarate represents a
key step in the generation of amino acids.[%] Amino functionalities in other molecules are
realized via transamination using glutamate and catalyzed by the metal-free enzyme class of
aminotransferases.[67] Still, the actual starting point of the biogeochemical nitrogen cycle is
the conversion of atmospheric dinitrogen to ammonia ('nitrogen fixation'), a process only a
few bacterial species are capable of conducting.[68] This reaction is, however, catalyzed by
nitrogenases carrying metal-containing clusters, e.g. [Fe7M059C],[69_72] in their active site
rather than heme complexes.

In general, the utilization of dinitrogen as a building block for synthesis is more challeng-
ing than in the case of dioxygen, in biochemistry as well as in industrial chemistry.[72] This
is a consequence of the lower reactivity of Ny compared to Oj, resulting from the higher
bond dissociation energy and larger HOMO-LUMO gap.[73] Despite that, the reduction of
dinitrogen to ammonia via the Haber-Bosch process[73'74] is one of the most important and
frequently conducted industrial reactions in the world, with an annual production volume of
ca. 150 megatons (in the year 2022),[75] mostly devoted to the production of fertilizers. The
Haber-Bosch process requires a high temperature and the utilization of solid iron as heteroge-
neous catalyst in order to facilitate the required dissociation of the N=N triple bond.[70.77] |
addition, high pressure is needed to shift the thermodynamic equilibrium towards the product.
Therefore, it is a highly energy demanding and expensive process and a replacement by a more
sustainable and efficient method is desirable.

In spite of nature employing small metal clusters to harness dinitrogen, high-valent,
mononuclear nitridometal complexes were suggested as intermediates for potential artificial
reactions facilitating both dinitrogen activation and nitrogen transfer reactions.[478-81] |n this
regard, several studies in recent years have yielded first accomplishments. At least by using
rare metals, mononuclear nitrido complexes were generated by cleavage of the N=N bond
of dinitrogen-bridged, dinuclear complexes,[82_84] and reactions with dihydrogen to ammonia
could be achieved.[85788] Moreover, different types of nitridometal complexes were revealed
to have 2-e™-N-transfer reactivity towards phosphines,[7'11'89'90] carbon monoxide,[91'92] and
isonitriles[93:94 or to catalyze nitrile-alkyne cross metatheses.[95-97] Porphyrindiido complexes
of manganese and chromium were found to undergo reversible[98-100] and irreversible[101.102]
3-e”-N-transfer reactions. And lastly, derivatives of cytochrome P450 enzymes, artificially
provided with a nitrido ligand, were recently observed to facilitate C—H activation via hydro-
gen atom abstraction from alkanes.[103]

Despite their starting application as reagents and catalysts and their similarity to the well-
examined and biologically relevant Compound |, nitridoiron species complexed by porphyrindi-

ido ligands have been investigated only scarcely so far. This is especially surprising because



seminal work in this research field was focused on exactly these compounds. In fact, the first
terminal nitridoiron complex, reported by Wagner and Nakamoto already in the late 1980s, was
nitrido(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+V), [FetV (tpp)(N)] ([2]).! bearing
the symmetrically substituted 5,10,15,20-tetraphenylporphyrin-21,23-diido (tpp2‘) auxiliary
Iigand.[104’105] In this pioneering work, thin-films of the precursor complex azido(5,10,15,20-
tetraphenylporphyrin-21,23-diido)iron(+111), [Fe™!(tpp)(N3)] ([1]), on copper surfaces at
ca. 30K were irradiated over several minutes with visible light of different wavelengths to
undergo a photolytic cleavage of dinitrogen, according to Equation (2). Subsequently, the
formation of the product complex [2] was evidenced by detection of the characteristic band
of its Fe=N stretching vibration at a frequency of 876 cm™ by resonance Raman (RR) spec-
troscopy. Although vibrational spectroscopy is generally not directly sensitive to the electronic
structure of a molecule, the authors suggested [2] to be a high-spin iron(+V) complex having

a closed-shell porphyrindiido ligand, based on the collected RR spectra.
Fet!(tpp)(N3)| % [FetV(top)(N)| + N )

In fact, EPR and Mdossbauer spectroscopy are more appropriate methods to clarify the elec-
tronic structure of the complex unequivocally, since they give direct information regarding
the localization of unpaired electrons!1%] and the oxidation state of the iron center.[107] Yet,
measurements of this compound using these techniques have not been reported until a publi-
cation by Ye et al. in 2019.[108] | this study, [2] was likewise prepared starting from [1] under
continuous irradiation with visible light, here in a frozen dichloromethane (DCM) solution.
The recorded spectra, in conjunction with results from multi-reference wavefunction theory,
revealed [2] to be in fact a closed-shell porphyrindiido complex of iron(+V) (cf. Figure 1(b)),
although in a low-spin state as opposed to the earlier assignment. Thus, this nitrido complex
exhibits an electronic ground state configuration very different from that of the related Com-
pound |, irrespective of the similar molecular structure.

[2] is known to be a highly reactive and elusive species, undergoing follow-up reactions to
a dinuclear complex in solution easily.[log'llol Moreover, its generation via photolysis of [1]
was found to be very inefficient.[105,108,110] For this reason, both the studies of Nakamoto and
Ye relied on trapping the complex in inert, low-temperature environments in order to facilitate
the synthesis and the time-consuming measurements by means of conventional spectroscopy.
Similarly, investigation on other high-valent nitridoiron complexes carrying various auxiliary
ligands, e.g. the redox-innocent, tetradentate 1,4,8,11-tetraazacyclotetradecane (cyclam) lig-
and and its derivatives, have first applied matrix isolation techniques to increase the lifetime
of their transient target compounds.[111_114] Notwithstanding the valuable results obtained in
these works, this method did not allow an examination of the photochemical conversions from
azido to nitrido complex, nor of the reactivity of the latter under conditions of practical rele-
vance. In order to address these questions experimentally, the application of (ultra)fast time-

resolved spectroscopy is required. In the last decade, femtosecond UV /Vis-pump/mIR-probe

LA list of shorthand notations of the complexes is provided in section 8.8 in the appendix.
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spectroscopy and step-scan and rapid-scan spectroscopy on timescales of microseconds and
seconds, respectively, have already been conducted successfully to discover the reactivities of ni-
trido(cyclam)iron complexes and the mechanisms of their formation in liquid solution.[115-121]
In contrast, the mechanism and kinetics of the formation of the paradigmatic complex [2]
starting from [1] remain undisclosed so far and raise several questions. For instance, it is
possible that [2] is not directly formed in its electronic ground state, as suggested for its oxido
analogs,[1'56_60] but intermediately in an excited state, possibly a valence tautomer showing a
n-radical configuration (cf. Equation (3)). Furthermore, the outcome of a photolysis/113:122]
and the properties of its products[123'124] can be strongly dependent on the experimental con-
ditions, i.e. whether conducted in frozen or liquid solution. Here, for example, the release of
dinitrogen from [1] competes potentially with two alternative reaction channels, the cleavage
of either azide anions or azidyl radicals, which are known to occur in the photolysis of other

azido complexes.[115'121’125'126]

(tpp> )FetV = N"”} PN [(tpp")Fe“V: N (3)
(i) (i)

Hence, in this work, the photolysis of [1], yielding the high-valent model complex [2], was con-
ducted and investigated in room-temperature DCM solution to elucidate its unsolved questions.
To this end, the primary processes following the photoexcitation and subsequent bimolecular
reactions were tracked by means of time-resolved vibrational and electronic spectroscopy on
timescales reaching from hundreds of femtoseconds to tens of seconds.

In more detail, the results and discussion of this work can be subdivided into four parts:
First, the stationary mid-infrared, visible, and ultraviolet absorption spectra of [1] will be pre-
sented and analyzed in section 4. Second, in section 5.1, the total yield of photoconversion
and the nature and fractional yields of the photoproducts will be determined. Furthermore,
parts of their reactivity towards selected reaction partners will be investigated. In the subse-
quent section 5.2, transient spectra recorded by means of ultrafast UV/Vis-pump/mIR-probe
and -Vis-probe experiments will be presented and interpreted. The data will be evaluated in
order to disclose the primary events following the excitation of [1] and their kinetics. Finally,
the electronic structures of the photoproducts, in particular with regard to the porphyrin lig-
and, will be examined in section 5.3. This analysis will be based on transient spectroscopy of
structure-sensitive IR absorption bands in conjunction with predictions from density functional
theory (DFT).



2 Background

2.1 Methodical Background

2.1.1 Basics of Spectroscopy

The interactions of electromagnetic radiation (light) and matter are the basis of a wide
variety of analytic techniques to characterize chemical compounds and examine chemical
reactions.[127:128] A net-energy transfer from light to matter or vice versa can occur if the

energy of a photon, E, equals the energy difference, AF7 5, of two quantum states of the

irradiated matter, the lower state 1 and the upper state 2, according to Equation (1)_[129,130]
. heg
AEl,zzEg_El:Eph:hl/:thV:T (1)

Here, h is the Planck constant, ¢ is the speed of light, and v, , and A are the frequency, the
wavenumber, and the wavelength of the light, respectively. In general, 1 and 2 can be any kind

of quantum states, but the following discussion will focus on transitions between vibrational
or electronic states of molecules.

There are three processes involving an energy transfer between light and matter:[129:130]

o The absorption (Equation (2)), promoting a molecule from state 1 to state 2 under
consumption of a photon.

o The stimulated emission (Equation (3)), in which a photon triggers the transition of a

molecule from state 2 to state 1 under generation of a second photon.

+ The spontaneous emission (Equation (4)), in which a molecule relaxes without external

influence from state 2 to state 1 under generation of a photon.

According to Equations (2-4), the rates of these processes, (%—?) or (%—?) are proportional
to the number of molecules in the starting state, nj or ng. In addition, the rates of the
absorption and the stimulated emission are proportional to the spectral radiation density at
the resonance frequency, p;(77). The constants of proportionality, By 9, B2 1, and A3 are

called Einstein coefficients, the former two of which are connected to via Equation (5).

(dc%) _ (%) By () (2)
(%) o (%) By ng pr(7) 3)
) (3) e

QB2 =By (5)

Here, €21 and Q9 are the degeneracies of states 1 and 2. For a macroscopic system in a
thermal equilibrium of temperature T', the relation of the numbers n; and ng is given by the

Boltzmann distribution (6) (where kp is the Boltzmann constant):[131]

6



"2 _ Q—Z - ex —AELZ (6)
ni - Ql P kT

Provided that the energy difference between both states is high enough when compared to
kT (and the degeneracy of the upper state is not much larger than this of the lower state,
whereby both conditions are typically fulfilled in electronic and vibrational spectroscopy), it
can be concluded that the occupation of 1 is much larger than the occupation of 2. Thus,
the rate of absorption far exceeds the rate of stimulated and spontaneous emission, so that
absorption is the predominant process upon irradiation of a thermally equilibrated sample.
Experimentally, the absorption properties of a substance are often quantified in terms of
the optical density (also called absorbance or extinction), OD(#), which is defined by Equation
(7).[129'132] The calculation of this quantity requires a measurement of the light intensity
transmitted by a sample containing this substance, I4(7), and a reference intensity, I,-(7).
The reference intensity is usually recorded under identical conditions (i.e. using the same
spectrometer, measuring cell and solvent (where applicable)) in absence of the compound of

interest.

OD(7) = —log1g (ﬁig;) (7)

According to the Lambert-Beer law (8),[129'132] the optical density is proportional to the
concentration of the substance, ¢, and the optical path length, d, of the sample. The constant
of proportionality is called molar, decadic extinction coefficient, (), which is dependent on
the frequency of the light, the molecule, and external conditions, e.g. the temperature, the

pressure, and the solvent.
OD(v) =¢(w)-c-d (8)

In real spectra, each transition gives rise to an absorption band of finite width around the
resonance frequency 7y instead of an infinitely sharp peak at this frequency. Moreover, different
absorption bands may have distinct band widths. For this reason, the extinction coefficient
is often insufficient in order to specify the total 'absorption strength’ of a transition. A
more accurate quantification can be provided in terms of the frequency-integrated extinction
coefficient, «, which can be obtained from experimental spectra via Equation (9).[129] On
the part of the theoretical description, the square of the magnitude of the transition dipole
moment between the lower and upper state involved in an excitation, ’/LLZ’Q (Equation (10);
there, * indicates the complex conjugate), is used in quantum mechanics to calculate the
absorption strength.[l33] It is obtained from the wavefunctions of both states, 1 and W9,
under application of the electric dipole operator, ji, and integration over the coordinates of
the three-dimensional space, 7. Moreover, in electronic spectroscopy, the oscillator strength,
fosc, is a frequently applied measure.[129] It can be demonstrated that these three quantities

and the Einstein coefficient of the absorption are all proportional (Equation (11)).[129.134]



Qg = /e(l?) di (9)
2

o~ | [iivadr (10

g X fose O |12 |2 o By 2 (11)

On the basis of the transition dipole moment, a very fundamental statement regarding the
oscillator strength of a transition can be made from a consideration within the framework of
group theory:[133'135] Given that I'y and I'y are the irreducible representations of the wave-
functions of both states, a light-induced transition between them will be possible only, if the
product I'; ® I'y is identical with (or contains) the irreducible representation of either of the
three dipole components of the light (in z-, y-, or z-direction, cf. Equation (12)). Transitions
are categorized as dipole-allowed or dipole-forbidden, depending on whether they fulfill this
selection rule or not.
=IyvIiyvIl, — |/‘l,2|2 >0 — dipole-allowed transition

I®l'y (12)
£ ATy AT, — |Nl,2|2 =0 — dipole-forbidden transition

2.1.2 Electronic and Vibrational Spectroscopy

Electronic absorption spectroscopy probes the transitions of the electronic wavefunction from
one eigenstate of the time-independent Schrddinger equation to a higher one.[136] Often,
these transitions are modeled by (combinations of) promotions of a single electron from one
molecular orbital (one-electron wavefunction) to another one.[130:137] Their resonance bands
cover the electromagnetic spectrum starting from the near-infrared (nIR) (2500 nm—770 nm),
the visible (Vis) (770 nm—=390nm), or the (near-)ultraviolet (UV) (390 nm-200nm) region
upwards in energy, depending on the molecule.[128.138] At room-temperature, molecules occupy
almost exclusively their electronic ground state because the thermal energy kg T (ca. 207 cm™
at 25°C) is much lower than the energy of the first excited state (cf. Equation (6)). Moreover,
electronic excitations are often accompanied by simultaneous vibrational excitations, as the
latter require typically much less energy than the former (see below). As a result of a manifold
of possible vibrational excitations, the line widths of absorption bands in electronic spectroscopy
are generally much larger than those of purely vibrational transitions!128] and often larger than
the spectral spacing between two bands.

Vibrational absorption spectroscopy rests on the excitation of the normal modes of the
nuclear motional degrees of freedom.[129:138] These vibrational normal modes are, beside the
translational and rotational ones, eigenvectors of the mass-weighted Hessian matrix, which
contains the second derivatives of the energy w.r.t. the nuclear coordinates,[139:140] j ¢ the
force constants. The energy E,, of a vibrational state a of quantum number v, is given by
Equation (13) within the harmonic approximation of the potential energy surface, or Equation
(14) if anharmonicity is considered. In general, the harmonic frequency, 7, increases with

the force constants along the associated normal mode and decreases with the masses of the
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displaced nuclei. For example, the harmonic frequency, iy, of the stretching mode of a
diatomic molecule (Y-Z) is given by Equation (15) and depends on the force constant of the
Y—-Z bond, Ky 7z, and the reduced mass, my 7, that is based on the masses of the nuclei, my-

and my, for its part.

1
E’Ua = (/Ua + 5) hCO Da (13)
1 X 1\?2 3 1 1 §
Eva: Ua+§ hCOI/a—‘r Ua+§ Xa’ahcoya+z /Ua+§ /Ub+5 Xa’bhcoya
bta
(14)
- 1 Ry 7 _ my -mgzg
vz =g\ Tz = (15)
ey \| My z my +mg

Equation (14) demonstrates that the energy difference between two neighboring states of one
mode is not constant but changes with the quantum number v, due to the diagonal anhar-
monicity, quantified by the constant x4 4. In addition, there are off-diagonal anharmonicities,
depending each on the quantum number of a different normal mode b, vj, and the anhar-
monicity constant X, . In a substantial majority of cases, anharmonicity decreases the energy
difference with increasing quantum number.

Many vibrational normal modes are localized at particular functional groups of a molecule.
Furthermore, because the transition dipole moments, force constants and atomic masses are
highly specific of these functional groups, the resulting resonance frequencies and absorption
strengths are as well [129.138] Ag 5 consequence, an analysis of a vibrational absorption spec-
trum allows valuable conclusions regarding the molecular structure of the underlying species.
Vibrational excitations tend to exhibit smaller absorption strengths and require typically lower
photon energies than electronic transitions. The resonance frequencies of molecular vibrations
are typically located in the mid-infrared (mIR) (2.5 pm—25pm, 4000 cm™1-400 cm‘l) and far-
infrared (fIR) (25 pm-1mm, 400 cm™1-10cm™) spectral region.[129:138] |n more detail, most
stretching (or valence) vibrations and deformation modes involving a displacement of hydrogen
atoms absorb in the mIR region, whereas the absorptions of most other deformation modes are
found in the fIR region. Regarding the high-frequency modes, molecules are solely residing in
their ground state (v = 0) at room-temperature. Consequently, only the v =0 — v = 1 (fun-
damental) transitions contribute noteworthy to their absorption spectra.[128'138] In contrast,
excited states of modes having sufficiently low frequencies are significantly populated under
ambient conditions. For fundamental vibrational transitions, the selection rule from Equation
(12) can be rephrased to Equation (16).113%] The fundamental excitation of a vibrational nor-
mal mode a is dipole-allowed, if the irreducible representation of this mode, Iy, equals the

one of either of the three dipole components of the light.

- IpvIyvI, — |/~‘l,2|2 >0 — dipole-allowed transition (16)
a
FLe ATy AT, — ’/LL2|2 =0 — dipole-forbidden transition



2.1.3 Time-Resolved Spectroscopy

If the investigated system is not stationary, e.g. during a chemical reaction, the concentrations
of some species and, consequently, the optical density will be time-dependent. In all applica-
tions in this work, the initialization of time-dependent processes is realized by a (in comparison
to the examined processes) short UV- or Vis-laser pulse, the excitation pulse or pump pulse,
whose moment of impact at the system defines the zero point of the time axis, ¢y. On this
basis, the delay, 7, between the impact of the excitation pulse and a measurement occurring

at time t,,, is defined via Equation (17).

If the measurement is implemented in the form of another short but broadband laser pulse,
the probe pulse, the technique is called pump-probe spectroscopy,[141’142] which is applied in
order to excess delays from tens of femtoseconds to several microseconds. On the other hand,
conventional spectroscopic methods might be used for measurements on longer timescales
instead.[143-145] Furthermore, in time-resolved spectroscopy, it has proved to be convenient to
consider the differential optical density,[146] AOD(7,7), instead of the optical density itself.
AOD(7, 7) is defined as the difference between the optical density at the delay 7 during the
reaction, i.e. with the pump pulse, ODy,(7,7), and the optical density of the unperturbed
system, i.e. without the pump pulse, ODy0p(77), according to Equation (18).

— —logyg (%(5)7)) + log1o (%g()ﬁ)) = —log1g (%) (18)

As Equation (18) demonstrates, AOD(#,7) does not require knowledge of the reference in-
tensity spectrum, I-(7), anymore, but only of the intensity spectrum of the sample without,
Is wop(7), and with excitation, I 4p(7, 7).

Since AOD(7, 7) is a quantity dependent on two variables, the delay 7 and the frequency
v, graphic representations often display extracts in which one of these variables is set constant.
In doing so, an extract of the differential optical density at a constant delay in dependence
on the frequency, AOD(7,7 = const.), is called transient spectrum. An extract at constant
frequency in dependence on the delay, AOD(7 = const., 7), is referred to as kinetic trace.

The principle of time-resolved spectroscopy is sketched in the form of energy level diagrams
in Figure 2(a) and 2(b) (for Vis detection) and 2(c) and 2(d) (for IR detection).[141.142] |
each case, the former and latter figure represent the situation at a pump-probe delay before
and after the pump, respectively. Figure 2(e) and 2(f) illustrate schematic spectra for both
pump-probe delays in terms of the optical density and differential optical density, respectively.
As discussed before, almost all molecules (black circles) reside in their electronic and vibrational
ground state in the thermal equilibrium present before the pump pulse. Thus, a measurement

before the excitation yields the absorption spectrum of the ground state (dotted, black line in
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Figure 2: lllustrations of the working principle of time-resolved spectroscopy after UV/Vis-

excitation. (a) - (d): Schematic energy level diagrams illustrating the transitions
involved in Vis- and mIR-measurements before (7 < 0) and after (7 > 0) the pump
pulse, as indicated by the subtitles. Gray curves represent the potential energy
surfaces of the electronic ground state (GS) and excited state(s) (ES1 and ES2).
Vibrational states are included as horizontal lines. Black circles symbolize individ-
ual molecules and colored arrows their transitions between quantum states: blue -
ground state absorption, green - stimulated emission, red - excited state absorption.
(e) & (f) Schematic transient spectra resulting from measurements before (dotted,
black line) and after (solid, black line) the excitation in terms of the optical density
and differential optical density, respectively. The red area emphasized a transient
absorption, the blue one a transient bleaching.
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Figure 2(e)), which becomes the zero line of the AOD axis in Figure 2(f). In the following,
the pump pulse will promote some of the molecules to an excited electronic state, changing
the absorption spectrum of the system. The new spectrum (solid, black line) expressed in
terms of the differential optical density will exhibit positive and negative features arising from
several contributions. Signals of negative amplitude are referred to as transient bleaching (blue
area) and occur at the resonance frequencies of the parent’s ground state, as indicated by the
blue arrows in the energy level diagrams. The reduced optical density at these frequencies
is a result of the depopulation of the ground state, effectively lowering its concentration. In
addition, if the probe pulse triggers stimulated emission from a populated excited state (green
arrows), the intensity of light at the corresponding resonance frequencies will be increased, re-
sulting in a reduced optical density, too. On the other hand, positive signal contributions (red
area), called transient absorptions, originate from molecules occupying excited electronic or
vibrational states, whose absorption spectra deviate from this of the ground state (transitions
indicated by red arrows, only electronically excited molecules are represented in the figures).
In the case of vibrational resonances, these excited state absorption (ESA) are most often
shifted to lower frequencies because of anharmonicity (see below and section 2.1.2) or due to
a reduced bond strength in excited electronic states.[147:148] Furthermore, the signatures of
newly formed chemical species, generated via photoinduced reactions, give rise to absorptive
features.

Beside the formation of photoproducts, another possible fate of the excited molecules is
a return to the electronic and vibrational ground state, referred to as ground state recovery
(GSR). In this context, the fraction of molecules avoiding the GSR and converted to photo-
products, n(converted), w.r.t. the amount of molecules initially excited, n(excited), is called
primary quantum yield, ®. Experimentally, this quantity is determined from the ratio of the
amplitudes (or alternatively the integral) of a bleaching signal at quasi-infinite pump-probe

delay and at 7 = 0, according to Equation (19).

n(converted)  AODyjeach (7, 00)

@ p— pu—
n(excited) AODb|eaCh (ﬂ, 0)

(19)

Another process observed frequently in time-resolved spectroscopy is the spectral shift of
signals due to vibrational energy relaxation (VER).[149'150] For IR-probe spectroscopy, the
underlying mechanism is illustrated in Figure 3. Subfigure (a) shows the energy level diagram
of an hypothetical system having two vibrational modes, the high-frequency mode a and the
low-frequency mode b. The total state of the system is described by two quantum numbers:
|va,vp). Again, the black circles symbolize individual molecules. At a delay shortly after the
pump pulse (left panel), the excitation energy is distributed over the vibrations a and b of the
molecule (as though they were in an environment of high temperature, 'in a hot state’). In con-
trast, the solvent molecules have not been affected at this early time yet, because intramolec-
ular energy dissipation is faster than intermolecular energy dissipation.[150'151] Still, while

many excited states of mode b are accessed, (nearly) all molecules occupy the ground state
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Figure 3: Schematic visualization of a vibrational energy relaxation. (a) Energy level diagrams.
Solid lines represent vibrational states characterized by the two quantum numbers
on the right. Dashed lines represent the hypothetical energies of these states in
the absence of off-diagonal anharmonicity. Filled black circles symbolize molecules
occupying the states. Colored arrows symbolize transitions absorbing the probe
pulse, whose energy decreases from blue to red. The arrows’ line widths encode
the total absorbance of the transitions. (b) Resulting absorption spectra. Colored
lines represent the individual signals corresponding to the transitions from the upper
panel. The gray area equals the sum of all five signals. In both subfigures, the
left, center, and right panel show the situation at three different delays after the
photoexcitation in increasing order.

of mode a, because the energy of the molecule is not sufficient to populate the excited state
of a significantly. A probe pulse in the region of the resonance frequency of mode a will now
be absorbed by all excitations [0,05) — |1,v) of different v, (colored arrows in the figure).
Due to off-diagonal anharmonicity, all these excitations have sightly different energies. More
precisely, they usually become less energetic the higher v, is.[146,150] The figure emphasized
this by the solid lines, representing the real energy of the |1,u) states, which are lower than

the sum of the energies of the states |0,v) and |1,0) (dashed lines). The resulting spectrum is
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a superposition of the signals of all these individual transitions (colored curves in the subfigure
(b)). As their line widths are larger than their spacing, they give rise to a broad, asymmetric
band, whose maximum is shifted to lower frequencies (red-shifted) w.r.t. this of the funda-
mental |0,0) — |0,1) transition by Ary.

With increasing delay, the molecules will undergo intermolecular energy dissipation ('vi-
brational cooling’), i.e. transfer their excess energy to the solvent and return steadily to lower
states of mode b (central panel). Finally, thermal equilibrium will be reached, in which almost
all molecules reside in |0,0) (right panel). As a consequence, the observed absorption band
of the ensemble contracts, i.e. the bandwidth w is reduced, and its maximum shifts to higher
frequency (blue-shift).

Obviously, this model system presents a high simplification of reality, in which high-
frequency modes couple to a multitude of low-frequency modes, all potentially excited to
a certain degree. Still, the approach can be extended to a level allowing a description of the
spectro-temporal evolution of vibrational excited, gradually relaxing molecules in practice. For
instance, combination of an anharmonic coupling model, DFT calculations and second-order
vibrational perturbation theory, applied in ref. [152], were able to reproduce the vibrational
relaxation dynamics of an azidocobalt(+I1) complex with astonishing precision.

Despite only discussed in detail for IR-probe spectroscopy here, VER affects the shape of
transient UV-Vis spectra similarly, t00,[153-155] due to the presence of vibronic coupling.[129]

2.1.4 Spectral Line Shapes

The evaluation of spectroscopic data requires the determination of the strength (amplitude
or integral), width and position of the occurring signals in a quantitative way. This can be
achieved by fitting of suitable regression functions to the experimental spectra. From line

shape theory, it is known that signals adopt in limiting cases either the shape of a Lorentzian
function (20), L(ﬂ),[129'156] or a Gaussian function (21), G(ﬁ).[l57vl58]

24 w
T 40— )% + w?

~ ~ N\ 2
iy~ 2. @ . exp <_4|n(2) (” - ”0) ) (21)

L(v) (20)

W w

Here, w represents the full width at half maximum (FWHM), 7y the frequency of the maxi-
mum (which is identical to the center frequency in both cases), and A the integral. Which
line shape a signal will adopt depends on the predominant broadening mechanism. The fi-
nite radiative lifetime of an excited state gives rise to a homogeneous broadening (affecting all
molecules equally). If this mechanism is decisive, a Lorentzian line shape will be found.[129.156]
On the other hand, heterogeneous broadening originates from varying environmental effects
on distinct molecules, and will cause a Gaussian-type line shape, if predominant.[129'146'156]

More generalized, the line shape can be expressed by means of a Voigt function, V' (7), which

14



is the convolution of a Lorentzian function and a Gaussian function according to Equation
(22).[156.159] Often, however, a simple, approximate pseudo-Voigt function (23), Vp(D), rep-
resenting a superposition of a Lorentzian and a Gaussian function having the same FWHM
and center frequency, and weighted by the parameter 77,[160'161] is applied in practice instead
of using V' (7) itself.

V(D) = / G — ) L(D)dz (22)

Vp(#) = nL(@) + (1 —n)G(@) (23)

Although an experimental spectrum could in principle be described as a sum of Voigt func-
tions, this is in practice not always feasible. For example, in the case of an ensemble of
molecules in various excited vibrational states discussed in the previous section, an accurate
analysis of the asymmetric line shape, taking into account all relevant, individual transitions, is
extremely demanding.[152] Commonly, in order to extracted information from such bands in an
easier way, they are described phenomenologically by a simple approximation function. In this
context, the log-normal distribution O(7) (Equation (24))[162] has proved to provide an appro-
priate description of asymmetric absorption bands in both electronicl102-164] and vibrational
spectroscopy.[165’166] The additional parameter p is referred to as skewness and quantifies the

asymmetry of the function.

o) — o e () e (_ﬁf (I (%))2) if < g

- In(p) (24)

2.1.5 Kinetic Equations

In order to quantify the rates of chemical reactions, the change of the concentrations of the
involved species over time (or over the pump-probe delay 7) needs to be considered. Here,
for the sake of simplicity, all reactions will be assumed to be irreversible. The most simple
case is an unimolecular reaction, as shown in the generalized Equation (4), in which a single
reactant molecule (R) is transformed into a product molecule (P). Reactions of this type obey
usually a rate law of first order, according to Equation (25).[167] This differential equation can
be solved to obtain delay-dependent expressions of the concentrations cR/P(T) in the form
of exponential functions (26,27). The rate is characterized by the rate constant, &, or by
its reciprocal value, the time constant, 7 = ku_l. cR/P(O) denotes the concentration of a

species at the beginning of the reaction, 7 = 0. Examples of processes following this rate law
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are i.a. internal conversions!*%8] or some ligand dissociation reactions![169] (although the latter

case results in the formation of two products out of one reactant).

R—P (4)
@) RO o) (25)
cn(r) = cpl0) ep (<ku ) = cr(0)exp (— ) (26)
ep(r) = ep(0) + er(0) (L= exp (= kur)) = cp(0) + cp(0) (1—exp (=) (27)
=n (1) = AOD(7, 00) + g: AOD(7,0); - exp (—ky i 7)
i;l
— AOD(#, 0) + ; AOD(7,0); - exp (_%) (28)

Since the optical density, OD(7, 7), is proportional to the concentration of a chemical species
according to Equation (8), and, consequently, the differential optical density, AOD(7, ),
is proportional to the change of its concentration w.r.t. the state before the reaction, the
rate constant can be extracted directly from an exponential regression of the spectroscopic
data. However, in some cases, AOD(7, 7) needs to be described by a sum of N exponential
functions, Zx(7) according to Equation (28), instead of a single one. This situation may
occur, if more than one chemical species, all of which are subjected to individual reactions
having distinct rate constants, absorb at the same frequency . Moreover, it is possible that
the same product is generated from more than one distinct reactant at different rates. In
Equation (28), AOD(7,0); represents the amplitude of an individual exponential term i and
AOD(7, 00) denotes an asymptotic offset for 7 — oc.

The rate of a bimolecular reaction of the reactants Ry and Ry to the product(s) P; (and
P>), as shown in Equation (5), can (but does not need to) follow a rate law of second order
described by Equation (29) (with j = 1,2 and rate constant k,).[167) Examples of this type
of reaction are i.a. some intermolecular electron transfer reactions and ligand substitutions
following the associative mechanism.[170] The general solution of this differential equation is

the expression given in Equation (30),[167] which can be further rephrased to (31-33) (given
that ACR(O) = CRy (0) - CR2(O) #+ O).

Ri + Ry — Py(+P2) (5)

Eu 0 _EBOD e ) eny) (29
T I exp (Acg(0) 7 (30
()~ (31)

o (0) &P (—Acp(0)ky 1) — 1

CRl
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ACR(O)

CRy(T) = o (32)
% exp (Acg(0) by 7) — 1
ij <T> - ij (O> + CRl (O> - CRl (T) - C.Pj (0) + CR2 (0> - CRQ (T> (33)

There are two special cases worth mentioning, which reduce the complexity of this solution
significantly. First, if one of the two reactants exists in a vast excess (here: Ry), its concentra-
tion can be approximated as constant. Then, the rate law is equivalent to a rate law of first
order (25) and yields the monoexponential solutions (26,27), only depending on cp,, again.
This approximate rate law is referred to as pseudo-first order. Second, if the concentrations of
both reactants are identical throughout the entire considered delay range, cg, (7) = cg,(7),
the more simple Equations (34,35) become solutions of Equation (29). Naturally, if Ry and
Ry are the same molecule, this condition will always be fulfilled. Under these conditions, ki-
netic traces can be described by AR(7) (Equation (36)), for signals of reactants, or Ap(7)
(Equation (37)), for signals of products.

cr, () = (ﬁ e ) N (34)

ep,(7) = p,(0) + cp (0) — (CR]% Ty T> h (35)

AR(r) — AOD(, 00) - (AOD@’O) fAOW 5k T)_l (36)
Ap(r) = AOD(#, 00) + (AOD@,O) _1AOD<57 Sk T>_1 (37)

2.2 Chemical Background
2.2.1 Photochemistry of Azido Complexes

The photochemistry of azide-containing compounds has been intensively investigated in the
past and is well described in the literature.[171-176] Here, only potential reactions of the con-
sidered complex [1] ([(tpp)Fe—N?—N?zNY]) will be discussed in more detail. As known from
studies on other transition metal azido complexes, there are essentially three possible photo-
chemical reactions.[115:121.125,126] | addition, presumable secondary reactions following these
primary pathways will be considered.

The first feasible decomposition pathway of [1] is the cleavage of a trinitrogen molecule,
also known as azidyl radical, N§, as shown in Equation (6). The product complex s (5,10,15,20-
tetraphenylporphyrin-21,23-diido)iron(+11), [Fe™(tpp)(0)] ([31ed]), which exhibits an unoc-
cupied binding site () in its ligand sphere. This reaction requires a homolytic breakage of

the Fe-Ny bond and, while the total charge of the complex is preserved, causes the oxidation
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state of the iron center to be decreased by one. For this reason, this reaction is referred to
as photoreduction or photoreductive pathway.[111_113'118_120'177'178] Its occurrence upon ir-
radiation of [1] in organic solvents has already been verified by EPR spectroscopy in an earlier
work.[179 In principle, this reaction is reversible as a recombination of the two fragments has
been observed experimentally after photolysis of other azido complexes.[113'118] This recom-
bination could occur either as so called geminate (or 'in-cage') recombination directly after
their separation, i.e. while both products are still confined in the same solvent cage, or on
later timescales by a diffusion driven, non-geminate mechanism.[118] Regarding the detached
N3 fragment, it has to be mentioned that this molecule is metastable because of the highly
exergonic self-quenching (7) converting it to dinitrogen.[119'177'180'181] The reduced metal
containing fragment, on the other hand, has the opportunity to undergo a secondary reaction,
filling its vacant binding site. In many cases, a solvent molecule was observed to serve as lig-
and (L, see Equation (8)), given that it has a sufficiently high tendency to form coordination
compounds, e.g. acetonitrile or dimethyl sulfoxide. [118-120,182] Alternatively, [3,e4] might get
oxidized in the presence of molecular oxygen,[55'183'184] following Equation (9), or a similarly

strong oxidizing agent to the corresponding iron(+IIl) complex.

[Fet"(tpp)(N3)] > [Fe*!(tpp) ()] + N3 (6)
2N3 — 3Ny (7)
[Fe*!(top) (@) +L — [Fe™'(tpp)(L)] (8)
Fet!l(tpp)(@)] 22 [Fet (tpp) O] (©)

The second possible decomposition pathway is called redox-neutrall115:116.182] 5 i depicted
in Equation (10). As the name implies, the oxidation state of the iron center is preserved during
this reaction. Accordingly, the Fe—-Ny bond is cleaved in a heterolytic fashion generating an
azide anion, Ng, and a complex of (5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+IIl),
[Fet!! (tpp) (D)1 ([3]). which carries a by one higher total charge and an empty binding site
in its coordination sphere. As before, this vacancy can be filled either by recombination with
an azide anion, so that this decomposition is reversible, too, or by coordination of a solvent
molecule (Equation (11)).[115:116.182] However, in contrast to azidyl radicals, azide anions are
considerably more stable and do not undergo a reaction to dinitrogen without an additional
oxidizing agent under ambient conditions.[18%] The redox-neutral pathway can be assumed
to become less likely with decreasing polarity of the solvent, since it requires a separation
of charges. To the best of the author’'s knowledge, there are no reports of [1] in particular

undergoing redox-neutral N3 release so far.

[Fet(tpp)(N3)] 2% [Fe(tpp) ()] + N3 (10)
[Fe(tpp) (@) T +L — [Fe™!(tpp)(L)]* (11)
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Lastly, [1] can release a dinitrogen fragment via heterolytic breakage of the No—Ng, as
shown in Equation (12). Such reactions are a common route towards high-valent nitrido
complexes,[111'113'115_117'126'186'187] including [2],[104'105'108] applied frequently in previous
studies on these compounds. Since dinitrogen is a stable and very inert molecule, it does not
undergo any secondary reactions, nor is this pathway reversible.[188] The electronic structure of
the product complex [2] is quite intricate and will be discussed in more detail in section 2.2.3.
In brief and simplified, the Fe=Ny bond has a bond order of 2.5, connecting an iron(+V)
ion and a terminal nitrido ligand (N37). Because of the increase of the oxidation state of
the iron center by two in the course of reaction (12), it is referred to as photooxidation or

photooxidative pathway.
[FetM(tpp)(N3)] 2% [FetV(tpp)(N)] + Ny (12)

The stability and reactivity of nitridometal complexes depend strongly on the nature of
the complex.[10’13’15’89] In this case, although thermo- and photolysis of [1] in liquid so-
lution are assumed to vyield initially [2], it is well known that their final product is the
dinuclear, mixed-valent, p-N-bridged complex p-nitrido-bis((5,10,15,20-tetraphenylporphyrin-
21,23-diido)iron(+11,+1V)), [FeT"+V(tpp)]oN ([8]), as shown in Equation (13).[109.110]

2 [Fe M (tpp)(Ns)] 2> [(spp)Fe™!Y — N — Fe!tpp)] + 2 Ny (13)

Despite that, there is still uncertainty regarding the mechanism of its formation. An early
consideration on this topic was published by Cohen et al., who suggested two reaction schemes
to explain the thermolysis of azido(porphyrindiido)iron(+I11) complexes,[logl the first of which
is given in Equation (14). It assumes a nucleophilic attack of the nitrido ligand at the iron
center of another complex of [1] as second reaction step. This generates directly the observed
product complex [8] and releases the azido ligand as N3 radical, which will be converted

ultimately to Ny by reaction (7).
[Fe™(tpp)(N)] + [Fe™"'(tpp) (N3)] — [(tpp)Fet" = N — Fet(tpp)| + N3 (14)

Their second scheme, proceeding via the reactions specified in Equations (15) and (16), was
later supported by investigations of Buchler et al..[109.110] Here the nitrido ligand is assumed
to attack the azido group of [1], yielding eventually two Ny molecules and two [3,¢4] complexes
(Equation (15)). Gradually, this process will lower the concentration of [1], while [3,q] will
accumulate if the solution is irradiated or heated continuously. Thus, it becomes more likely

for complex [2] to react with [3,¢q] to the dinuclear product [8] via Equation (16) over time.

[Fe™ (tpp)(N)] + [Fe™! (tpp)(N3)] — 2 [Fe™!(tpp) ()] +2 Ny (15)

[Fe™ (tpp)(N)] + [Fe™ (tpp) (@)] — [(tpp)FetY = N — Fe™(tpp)]  (16)

19



Interestingly, although both schemes explain Equation (13) validly, they differ entirely in the
stoichiometry of [2] and [1]. While in the former mechanism, each complex of [2] reacts with
exactly one complex of [1], each three complexes of [2] consume only a single complex of [1]
in the latter one. In principle, this would allow a discrimination between the different schemes
given that all reaction steps could be resolved.

In general, the occurrence of the three primary pathways is not mutually exclusive as
there are several examples of compounds subjected to more than one of them at the same
time.[113-116,122] A priori, the result of a photolysis experiment of an azido transition metal
complex can hardly be predicted since it depends on many parameters. As it will be discussed
further in section 2.2.3, the d-electron count of the metal center and the symmetry of its
ligand sphere play decisive roles in this regard. In brief, while photooxidation is commonly
observed for tetragonal azido complexes of transition metals of groups 6 and 7,31 this reaction
is rarely found for complexes of group 9 metals, which have a higher d-electron count.[13:17]
In addition, the spin state of the metal center was revealed to exert a crucial influence. For
instance, the group of Roithova reported the spin state dependent photodissociation of a
tetragonal azidoiron(+I1l) complex. Their model compound showed temperature-dependent
yields of photooxidation and -reduction, which correlated positively with the population of its
doublet and sextet state, respectively.[lzz] The same tendency was found for complexes bearing
the redox-innocent 1,4,8,11-tetraazacyclotetradecane-1-acetate (cyclam-ac) ligand. While the
complex [Fet!(cyclam-ac)(N3)]T, having a doublet ground state, is capable of dissociation
via photooxidation,[13] the tri-methylated derivative [Fet!!'(Mescyclam-ac)(N3)]+ exhibits a
sextet ground state and releases N3 radicals exclusively.[120'189] Another important aspect is
the wavelength of the irradiated light. For example, the complex [Fe(cyclam)(N3),]™ follows
mostly the redox-neutral pathway at 532nm and 355 nm excitation and predominantly the
photooxidative pathway at 266 nm excitation.[116] Similarly, [Fe(cyclam-ac)(N3)]* is subjected
to redox-neutral decomposition, photoreduction and photooxidation in order of decreasing
excitation wavelength.[115]

Finally, environmental factors, such as the nature of the solvent or the temperature, need
to be considered, especially in regard to bimolecular reaction steps, relying on the mobility
of the reactants. For instance, geminate recombination (reverse reactions (6) and (10)) is
favored in frozen matrices compared to liquid solutions, because molecular motions such as
cage-escape are prevented.[113] In contrast, the formation of dinuclear complexes like [8] is
impeded there.[114]

2.2.2 Quenching Reactions

Due to the possibility of three different reaction pathways following photoexcitation of [1],
methods needs to be established to verify their occurrence and quantify their relative yields.
This can be achieved by probing for strong and characteristic IR signatures of the involved
species. For example, the resonance band of the antisymmetric azide stretching vibration

(vas(N3)) of [1] can serve as IR marker because of its large peak extinction coefficient of
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ca. 2150 M1 em™! and its spectral position at a frequency of 2056 cm™ (in DCM, cf. section
4.1), i.e. within a spectral region free of absorption bands of common solvents(1%] and the
atmosphere.[lgll Similarly, the free azide anion shows a comparably strong IR signal at some-
what lower frequencies!!82:192-194] (2006 cm™ in DCM) allowing an easy inspection of the
occurrence of the redox-neutral pathway. In addition, since quantitative stationary absorption
spectra of both substances are precisely known (cf. Figure A2), the fractional yield of this
pathway can be quantified. To this end, the signal strength of the transient absorption of the
formed azide anions has to be set in relation to the depletion of the va5(N3) band of [1].

Unfortunately, the photooxidative and -reductive pathways do not offer an equally simple
way of verification. Neither of the arising products exhibits unambiguous IR signatures de-
tectable by the means applied in this work. The dinitrogen molecule is entirely IR-silent[19°]
and the azidyl radical has only small peak extinction coefficients.[118:120] Although porphyrindi-
ido ligands exhibit in principle IR marker bands sensitive to the oxidation and spin state of
the metal center,[190:197] these signals are only of moderate amplitude. Furthermore, some of
them are located at frequencies below 1000 cm™! and, hence, are not accessible by means of
the experimental techniques applied here.?2 The same holds true for the characteristic absorp-
tion band of the Fe=N stretching vibration of [2], which appears at 876 em™! according to the
RR spectra published by Nakamoto et al..[104]

For this reason, the verifications will be conducted in an indirect way using quenching ex-
periments in this work. The working principle of these experiments is the addition of another
substance, the quencher, to the photolyzed solution. Ideally, this substance reacts quantita-
tively and selectively with exactly one of the primary photoproducts to a specific secondary
product, which exhibits an IR marker band. Furthermore, it is important that the quencher
does not react with the parent compound, nor absorbs the excitation pulse by itself.

To identify the photoreductive pathway, iodide anions (I7) have been established as simple
and reliable quencher.[120.178.198] The ynderlying reaction is a one-electron transfer converting
the generated azidyl radical to an azide anion (Equation <17>).[18O'199] Then, as mentioned
before, N3 anions can be detected easily via IR spectroscopy. The redox potentials of the redox
pairs N3/N3" and 157 /217 in aqueous solution are well-known and amount to +1.33 v[200]
and +1.03V vs. SHE,[201] respectively. Although both potentials are naturally very dependent
on the environment, it was shown that the oxidation of iodide by azidyl radicals is feasible in
other commonly used solvents as well.[202] Moreover, iodide anions can be introduced easily in
solvents of different polarity by choosing the counter-cation appropriately. Still, this approach
suffers from the fact that the redox reaction has to compete with the fast self-quenching of
azidyl radicals (7) discussed in the previous section. Probably for this reason, the reduction to

azide anions is inefficient and requires an excess of iodide to become quantitative.[178]

N$+217 — N3 +15” (17)

2 This spectral region is obscured by absorptions of the CaF, windows of the measuring cell (cf. section 3.2)
and many common solvents.[190]
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When quenching reactions shall be applied, it needs to be considered if, besides this de-
sired reaction, the quencher can interact with other photoproducts or the reactant as well.
Here, two options are conceivable: a coordination of the iodide to an iron complex and a
redox reaction of both. The former option is unlikely since iodide is a weak ligand accord-
ing to the spectrochemical series(203:204] and the latter will occur only if the redox potential
of a [Fe(tpp)(L)x]?/[Fe(tpp)(L)x]?~! pair is larger than that of the 157 /217 pair (where x
=0, 1, or 2, q is the charge, and L is an arbitrary ligand). Since the potential of the
[Fet(tpp)]+/[Fe™" (tpp)] pair was found to be -0.08V (in benzonitrile)!® and it can be
expected that an additional axial ligand stabilizes the iron(+111) state even more, an oxidation
of iodide from low-valent complexes seems improbable. On the other hand, highly oxidized
metal centers as in [2] could possibly be reduced by |-, [198,205] potentially impeding other
secondary reactions.

To validate the occurrence of the photooxidative pathway, several reaction partners for
the generated nitrido complex are eligible.[10'11'89'92_94] Here, only three of them, which have
been used frequently in the past, shall be mentioned. (Again, the shown reaction equations will
demonstrate them exemplary for the complex relevant for this work, [2].) There are many re-
ports of the successful addition of phosphines (PR3, with organic substituent R’) to a nitrido
complex yielding a phosphoraniminato ligand (NPR’3, see Equation <18>),[7'11'89'90] whose
P=N stretching vibration absorbs strongly around 1200 cm~1 [115,116,206] Unfortunately, there

are some cases known in which a reaction with phosphines does not occur.[207]

[Fe™(tpp)(N)| + PR's — [Fe™!(tpp)(NPR'3)] (18)

An alternative reaction partner for [2] is carbon monoxide (CO), whose addition (Equation
(19)) can be verified experimentally via detection of the characteristic absorption band of the
N=C=O0 antisymmetric stretching vibration of the resulting isocyanato ligand. This band has
an absorption strength similar to the band of v45(N3) and occurs typically in a frequency range
from 2180 cm™! to 2240 cm1.[91.92,197,207,208]

[Fe™V(tpp)(N)| +CO — [Fe™(tpp)(NCO)] (19)

In the same way, an isonitrile (CNR") can react with a nitrido complex under formation of a
carbodiimido complex, according to Equation <2O>.[92_94’207] The absorption band of both the
quencher and the product are reported to be located in the range from 2090 cm™ to 2170 cm™?,
whereby the latter has a strong dependence on the properties of metal center.[92:94,207,209-212]
Compared to CO, isonitriles have some advantages. First, because of the organic substituent
R’, their solubility in non-polar solvents is large, whereas CO dissolves well only in polar
quuids.[213'214] Second, these compounds are liquid (for small substituents R')[215_218] rather
than gaseous, making the preparation of their solutions simpler. Third, for the same reason,

it is easily feasible to set their concentration precisely.
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[FetV(tpp)(N)] + CNR' —  [Fe*!!!(tpp)(NCNR')] (20)

Interestingly, there is one example in which a subsequent ligand exchange of an isonitrile for
the carbodiimido ligand is observed.[92] In that study, the signal of a free carbodiimide anion
was detected (2253 cm™ for tBUNCN" in tetrahydrofuran solution).

Unfortunately, ligand substitutions are not limited to the products of the quenching re-
actions, but can affect all other complexes as well. For this reason, it has to be examined
carefully, whether a quencher (Q) reacts with the parent compound or changes the light-
induced primary reactions by coordination to it, as considered in Equations (21) and (22) (x
= 1, 2), respectively. This holds true for isonitriles, carbon monoxide and phosphines since
all of them are strongly coordinating molecules.[204 Furthermore, other product complexes
can be subjected to coordination of these molecules, too. In the case of the photoreductive
or redox-neutral pathway, it is conceivable that recombination of the photoproducts could be
prevented due to the occupation of the binding sites by a quencher, as shown in Equations
(23) and (24), respectively.

[Fet ! (tpp)(N3)| + xQ — [Fe™(tpp)(Q)ulT + N3 (21)
[Fet!(tpp)(N3)] + Q@ — [Fe™'!(tpp)(N3)(Q)] (22)
[Fet!(tpp) (D) + xQ — [Fe™!(tpp)(Q)] (23)

[Fet!(tpp)(@)]* +xQ — [Fe™!(tpp)(Q)u* (24)

2.2.3 Electronic Structure Considerations

Besides being important catalysts occurring widespread throughout nature, metalloporphyrins
and related compounds are strong and flexible coloring agents,[219] whose absorption prop-
erties have been the topic of empirical and theoretical considerations for a long time.[220]
An archetypal visible absorption spectrum of a metalloporphyrin consists of an exceptionally
intensive absorption band in the range from 380 nm to 450 nm, the so-called B- or Soret-band,
and up to four bands in the range from 500 nm to 700 nm, which are at least by an order of
magnitude weaker than the B-band and referred to as Q—bands.[221_225] For instance, the sta-
tionary UV-Vis absorption spectrum of (porphin-21,23-diido)zinc(+1) ([ZnT"(p?)]), adopted
from ref. [226], is reproduced in Figure 4(a). The enormous oscillator strengths and low ex-
citation energies stem from the extended T-electron system of the macrocyclic ligand, whose
accurate description is a challenge theoretical chemists took up already in the 1950s.[227-233]
These early considerations culminated in the famous four-orbital model of porphyrins proposed
by M. Gouterman,[221] describing their low-energy excitations based on their two highest oc-
cupied (HOMO) and two lowest unoccupied molecular orbitals (LUMO). Although originally
calculated within Hiickel theory, the quantum mechanical description of these compounds was

developed further using higher levels of theory with increasing computational capacities over

23



the following decades. [51:108.222,234-239] Noyertheless, the 'shape’ of the eponymous four or-
bitals remained qualitatively unchanged since their original introduction, and so did the essence

of their interpretation.
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(a) UV/Vis spectrum of [Zn(p)]. (b) Four-orbital model.

Figure 4: (a) Stationary UV-Vis absorption spectrum of [Zn(p)] in room-temperature n-octane
solution, adopted from ref. [226]. The numbers indicate peak positions in nm. Note
that the spectrum is scaled up by a factor of 20 above a wavelength of 450 nm.
(b) Schematic energy level diagram of the frontier orbitals (Gouterman-orbitals) of
[Zn(p)], including ball-and-stick models of the complex and isosurface plots of the
orbitals. Isovalues: +0.02. Harpoons pointing upwards and downwards represent
a- and [-electrons, respectively. Labels designate the orbitals according to their
irreducible representation within D4, symmetry. Atomic color coding: H - white, C
- gray, N - blue, Zn - brown.

A generic energy level diagram including Gouterman-orbitals of [Zn(p)], calculated by the meth-
ods described in section 3.3 and within Dyj, (%%%) symmetry, is shown in Figure 4(b). All four
frontier orbitals are m-orbitals and delocalized over the entire porphyrin macrocycle. While the
two LUMOs are a set of degenerated orbitals of eg-symmetry (4eg), the two occupied orbitals,
la1, and 3ay,, belong to different irreducible representations, but are coincidentally almost de-
generated as well. According to Gouterman's theory, the four possible one-electron excitations
between these orbitals are subjected to strong configuration interactions.[221,222,232,240,241]
As a result, they split up into two high-energy excitation, which have high transition dipole
moments and are responsible for the B-band, and two excitations of lower energy and transition
dipole moment, giving rise to a single Q-band. In addition, the Q-band is often found to be ac-
companied by another band ca. 1250 cm™ higher in wavenumber. This band was explained by

the simultaneous excitation of a vibrational mode having this frequency and strongly coupled
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to the electronic transition (a 'vibronic satellite’ QV).[222'241_243] Naturally, many metallopor-
phyrins deviate from Dy}, symmetry because of substituents at the macrocycle, axial ligands
bound to the metal, or intrinsic distortions.[183:244-247] A lowering of the symmetry causes
especially the Q-band to split up into two distinct bands, Qx and Qy,[220'221'232'248] resulting
combined with the vibronic satellites in up to four distinct bands. Despite the four frontier
orbitals having different designations depending on symmetry group of a complex, their shape
remains recognizable regardless.[221'236'237'249'250] For this reason and the sake of simplicity,
these orbitals will be designated according to their irreducible representations within the point
group Dy}, throughout this work, although all complexes considered here belong to groups
of lower symmetry. Moreover, the initial counting number will be omitted, leading to the
notations: ajy, ag,, and eg (egx and egy).

It has to be mentioned that the energies of the aj,- and the ay,-orbital are dependent
on the substitution of the metalloporphyrin. In more detail, substituents in pyrrole-B-position
(like in 2,3,7,8,12,13,17,18-octaethylporphyrin-21,23-diido (0ep?") complexes) influence pre-
dominantly the aj,-orbital, whereas whose in meso-position (e.g. in tpp?) affect mostly the
azu—orbital.[12'35'251'252] Moreover, electron-withdrawing and electron-donating groups lower
and raise the energy of the affected orbital, respectively.

The electronic structure of [Zn(p)] is in fact one of the most simple examples among the

dlo—system and, hence, does not

metalloporphyrins, because the central zinc(+Il) ion is a
contribute noteworthy to the low-energy excitations of the complex.[253'254] In contrast, all
complexes considered in this work contain open-shell iron centers. As it will be discussed in
section 4.2, this causes the absorption spectrum of complex [1] to deviate significantly from the
Gouterman model and to require a more sophisticated description.[222'239'255] Here, a short
overview of the contribution of the iron centers and axial ligands to the electronic structure
of the relevant complexes shall be provided.

In general, the 4s-, three 4p-, and five 3d-orbitals of an iron atom contribute substantially
to molecular bonding. Thereby, the former two sets overlap stronger with the orbitals of the
adjacent atoms of the ligands than the latter set. As a consequence, the 4s- and 4p-orbitals
are merged into o- and o*-orbitals, subjected to a larger energy splitting. These orbitals have
energies far apart from the pivotal range around the HOMO-LUMO gapl121:204.256] 5nq are
therefore of subordinate importance in this consideration. In contrast, due to the smaller or
(for symmetry reasons) absent overlap with orbitals of the ligands, the 3d-orbitals are typi-
cally found as the main contributions of weakly antibonding or non-bonding molecular orbitals.
These orbitals are located in the relevant energetic range and will be discussed further here.

Schematic energy level diagrams of the five 3d-orbitals of the iron centers of the complexes
[3redl. [1], and [2] are displayed in Figure 5. The energetic orders are based on references
[253, 257], [255], and [108], which are (with one exception, see below) in agreement with the
results of the calculations made in this work.

In complex [3,e4], the dyy-orbital is lowest in energy, followed first by the dzz—orbital,

then by the degenerated dy,- and dy,-orbital, as opposed to the expectations from simple
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ligand field theory,[121'204'256] which predicts the reverse order. This deviation is a result
of an increased antibonding character of the latter three orbitals. Especially m-interactions
between the dy,- and dy,-orbital and the m-orbitals of the porphyrindiido Iigand,[253] which
are neglected in ligand field theory, raise their energies. As expected, the dxz_yz-orbital is
significantly more up-shifted in energy due to a strong o-antibonding interaction with the
lone-pairs of the pyrrole-N-atoms. Since [3,eq] is a d®-system, the distribution of electrons
according to the Aufbau-principle indicates it to have a triplet ground state, which was in fact

experimentally confirmed.[258-261]

E ze_yz* cx2-y2* o.*
(dey2) (de2y2) (d-2)
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[Fe(tpp)] [Fe(tpp)(Ns)] [Fe(tpp)(N)]

Figure 5: Schematic energy level diagrams of the 3d-orbitals of the iron atoms in the complexes
[3red] (left panel), [1] (central panel), and [2] (right panel). Harpoons pointing
upwards and downwards represent a- and f3-electrons, respectively.

Going to complex [1], the introduction of the additional, axial azido ligand increases predom-
inately the relative energy of the d_»-orbital and, to a smaller extent, those of the dyz- and
dyz-orbital. The electronic ground state of [1] was verified to be a high-spin, sextet state
by a measurement of its magnetic susceptibility.[262] The same holds true for related, square
pyramidal tpp? complexes, carrying different anionic |igands[255], e.g. the chlorido complex
chlorido(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+111), [Fe™ (tpp)(CI)] ([6]).
Substitution of a nitrido ligand for the azido ligand raises the energy of the d »-orbital
even more, due to the smaller axial Fe-N bond length. According to the theoretical study from
reference [108], it is located even above the dxz_yz—orbital. In contrast, the DFT calculations
performed in this work predict the reverse order of those two orbitals. Notwithstanding this,
the most intriguing feature of the electronic structure of complex [2] is the formation of -
bonding and -antibonding orbitals from the py- and py-orbital of the nitrido ligand and the dy,-
and dyz-orbital of the iron atom. A description of a transition metal-nonmetal multiple bond
was first introduced by Ballhausen et al. in 1962 on the example of the vanadyl cation,[263]
and later applied to a variety of other oxido- and nitridometal complexes.[264_270] In essence,
this model allows an explanation for the low stability and high reactivity of high-valent iron
complexes. In a ligand sphere of tetragonal symmetry, as in [2], all valence orbitals of the

metal center participate in the formation of o- and m-bonds to the ligands, except for the
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dxy-orbital. All bonding orbitals arising from these interactions are always filled with electrons
formally contributed from the ligands. This allows in principle for a M-X (M = metal, X =
O, N) bond order of three. However, depending on the number of d-electrons of the metal
center, first the non-bonding dyy-orbital, then the antibonding mx*(dx;)- and m,*(dy,)-orbital
might become occupied. Consequently, a high d-electron count gives rise to a weakening of
the M—X bond, explaining the experimental finding that oxido- and nitridometal complexes be-
come continuously more reactive going from early to late transition metals.[17:271.272] Nitrido
complex [2] was proven to have a doublet (low-spin) ground state in frozen DCM solution, [108]
which means that a single electron occupies one of the w*(FeN) orbitals, resulting in a Fe=N
bond order of 2.5.

In general, the four Gouterman-orbitals and the d-orbitals of the metal center are of simi-
lar energy but interact only marginally.[232'235'253'273] Hence, the total energy level diagrams
around the HOMO-LUMO gap of [1], [3,eg], most other low-valent metalloporphyrins, and
also [2] are essentially a sum of the individual diagrams of iron center and ligand. In contrast,
the situation is very different for high-valent metal complexes other than [2]. Electrochemical
one-electron oxidation of neutral porphyrindiido complexes of Znth, Mg+” as well as Fet!ll
Cot! Nit! and Cut!! results in an electron abstraction from the T-system of the macro-
cyclic ligand according to Equation <25>,[55'274_277] although the latter metal ions possess

d-electrons and could be further oxidized

(MY (por®)] = [LM¥ (port)] (25)

(L)MX — Mg+|l, Zn+”, (CI')Fe+|H, (H3CCO_2)FG+”|, (Br“)Co‘H”, Ni+”, Cu+||

The reason for this outcome is the fact that the ap,- and aj,-orbital of the porphyrin moiety
are of similar energy as the d-orbitals of the metal center.[235253.273,278,279] \wjith increas-
ing oxidation state of the metal atom, its d-orbitals shift to lower energies, until they are
located below the porphyrin's HOMO, so that the next oxidation will remove an electron
from the latter. Such oxidized complexes are often called 'mt-cation radicals',[44’55’247'280'281]
referring to the unpaired electron in the m-system of the porphirinidyl ligand and their total
positive charge. Unfortunately, this term is used very loosly in the literature, and many publi-
cations apply the expression 'm-cation radical’ to the porphirinidyl ligand (instead of the entire
complex),[27'28'282'283] ignoring the fact that the ligand still carries one negative formal charge
after the electron abstraction. In this respect, the designation as 'cation’ is highly misleading.
For this reason, the expression 'm-radical’ will be used be in the rest of this work to refer to
such electronic structures.

Interestingly, T-radicals can be categorized into two groups showing different absorption
spectra,[52'247'274_277'283"286] as it will be discussed in the following section. The distinction
is based on the symmetry of the singly occupied molecular orbital (SOMO) of the porphirinidyl
n-radical (por®”), which might be either the ap-orbital or the aj-orbital. As mentioned above,

which of both is higher in energy and, consequently, will be singly occupied after oxidation,
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Figure 6: Schematic energy level diagram of the frontier orbitals of [2] (left panel) and [7]
(right panel). Harpoons pointing upwards and downwards represent o- and [-
electrons, respectively. The dashed lines indicate the relative energy shift of the
Fe-X (X = N, O) antibonding orbitals by replacing an oxido for the nitrido ligand.

depends on the electronic effects and positions of substituents. Hence, 5,10,15,20-tetraphenyl-
porphirinidyl (tpp®") complexes adopt usually an ap,-type configuration and 2,3,7,8,12,13,17,18-
octaethylporphirinidyl (oep®’) complexes an ay,-type configuration.[37'274'275'283'285] In spe-
cial cases, however, if both orbitals are nearly degenerated, an admixture of both configurations
in the electronic ground state will be possible.[275'285'287"289] Another feature of these struc-
tures is the opportunity of spin coupling between the porphirinidyl ligand and the metal center,
given that the latter is an open-shell ion.[37:40,247,290-292] | this regard, both the strength
and the character of the coupling (ferromagnetic vs. antiferromagnetic) appear to be very
dependent on a variety of factors, e.g. the environment, the axial ligand, the counter-anion
and substituents.[40:245,247,291,293]

Besides electrochemical oxidation, another method of generating T-radicals is chemi-
cal oxidation accompanied by introduction of an oxido Iigand.[34'35'40'44'280'281’284'294'295]
In fact, oxidoiron complexes bearing porphyrin ligands, e.g. the biocatalytically active Com-
pound | or artificial model complexes like oxido(5,10,15,20-tetraphenylporphirinidyl)iron(+1V),
[FetV(tpp*)(027)]+ ([7]), the oxido analog of [2], adopt in general a m-radical
configuration.[12:33.37.45,49,51,296,297] 50 substituted complexes like [7] were found to favor
an overall quartet ground state, arising from local triplet state of the iron(+1V) ion strongly
ferromagnetically coupled to the unpaired electron occupying the agu-orbital.[43'44'298] Follow-
ing the argumentation above, the Fe=0 bond of these complexes is therefore best described
as double bond. Considering this, it might be surprising that the seemingly isoelectronic nitri-
doiron complex [2] is an iron(+V) complex carrying a closed-shell porphyrindiido ligand and
not a m-radical. This remarkable contrast is a consequence of the higher covalent character

of the Fe=N bond compared to the Fe=0 bond, [16] resulting in a larger energy splitting of
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the m- and m*-orbital from the Ballhausen model. Hence, the m,*(dx,)- and m,*(dy,)-orbital
in [2] are higher in energy relative to the ap,-orbital than in the case of [7],[108] as sketched
in Figure 6, impeding the formation of a m-radical.

Finally, another electron configuration which shall be mentioned here are porphyrin-centered
triplet states (which will be abbreviated as 'triplet porphyrin states’ in this work). These states
are realized by promotion of an electron from an occupied m(por)-orbital to either of the eg-
orbitals and reversion of its spin orientation. Also here, distinctions between ap,-type and
ap,-type states as well as between ferro- and antiferromagnetically coupled states can be
made. Although these triplet porphyrin states are high in energy and are never the electronic
ground state of a metalloporphyrin, they can occur as metastable states of considerable lifetime

after photoexcitation, see also section 2.2.5.[299-302]

2.2.4 Structure-Sensitive, Spectroscopic Characteristics of Metalloporphyrins

Naturally, both the variable functional groups, i.e. the metal center, substituents and axial
ligand(s), as well as the multifarious electron configurations of metalloporphyrins manifest
themselves in characteristic spectral signatures. For example, the presence of an axial ligand
gives rise to a strong UV absorption band peaking around 370 nm.[279.303.304] \oreover, Vis
absorption characteristics of the various electronic structures were proposed based on spectra
of electronically excited metalloporphyrins recorded by UV/Vis-pump/Vis-probe spectroscopy.

A summary of these signatures was provided in the references [299, 300]:
¢ (Local) singlet t(por)—m*(por) states:

e Reduced absorbance of the B-band compared to the ground state spectrum.

e A strong absorption band between 450 nm and 650 nm, having a distinct maximum
between 450 nm and 500 nm.

e A broad, structureless, weak absorption band reaching from 700 nm up to the nIR.
¢ (Local) triplet m(por)—m*(por) states:

They have essentially the same spectral features as singlet w(por)—m*(por) states, but
an additional, distinct band between 700 nm and 850 nm.

¢ d(metal)—d(metal) states:
Their visible absorption spectra are red-shifted by 15-20 nm, but otherwise very similar
to that of the electronic ground state, because the pivotal n- and w*-orbitals of the

porphyrindiido ligand are hardly affected by metal-centered excitations.
¢ 1(por)—d(metal) ligand-to-metal charge transfer (LMCT) states:

e Reduced absorbance, broadening, and often blue-shift of the B-band compared to

the ground state spectrum.

e Each a strong absorption band peaking between 450 nm and 500 nm and between
650 nm and 700 nm.
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e A broad, structureless, weak absorption band in the Q-band region, red-shifted

compared to the ground state spectrum.

Furthermore, porphyrin m-radicals exhibit the same spectral features as w(por)—d(Fe) LMCT
states.[55:305-311] Thjg finding is not surprising, because their electron configurations are in-
deed identical to those of m(por)—d(Fe) LMCT states, differing merely by the fact that this
configuration has become their electronic ground state. Strictly speaking, it would be rea-
sonable to make a distinction between T-radicals of the aj,- and the ay,-type, since their
distinct electron configurations result in different absorption spectra. Although there are re-
ports in the literature comparing the UV-Vis spectra of both types of n-radicals, [54:283.284] ,
critical inspection[285] led to the conclusion that a categorization of T-radicals by means of
UV-Vis spectroscopy is not reliable due to the adulteration of the spectra by the influence of
geometric factors. In addition, a mixture of ap,- and aj,-radical character can hardly be di-
agnosed by this means. Instead, EPR,[37’40’252'288'306'312] electron nuclear double resonance
(ENDOR),[313_315] and NMRI[34-36,274,316-318] spectroscopy asserted themselves as appropri-
ate detection techniques to evaluate the electron configuration of a porphyrin ligand, since
they allow a more direct insight into the localization of the spin density.

Similar to their UV-Vis spectra, the infrared (IR) spectra of metalloporphyrins were exten-
sively studied in the past[197'319_321] In this context, the underlying vibrations were character-
ized by normal mode analyses.[32o'322_324] Comparisons of the IR and RR spectra of various
porphyrindiido complexes revealed a set of vibrational modes, whose resonance frequencies are
sensitive to the element of the metal center, its oxidation and spin state, the axial ligand and
substituents at the porphyrindiido Iigand.[196'197'321'325_328] Among those, the only IR-active
band above a frequency of 1000cm™, i.e. the only one accessible using the setups employed
in this work (see section 3), is the v4;(por) resonance band (nomenclature according to the

[322]), absorbing around 1340 cm™. In more detail, the group

normal mode analysis by Li et al.
of K. Nakamoto has demonstrated that this band is sensitive to the metal centerl32ll and
its spin state.l'%] For instance, the frequency of the vaq(por) band of [Fet!!(tpp)(L1)(L2)]
complexes was observed to fall in the range from 1331cm™ to 1341cm™ for high-spin and
1343 cm™! to 1349 cm! for low-spin iron(+111) centers.

Interestingly, Tt-radical structures reveal themselves in IR spectroscopy not only in terms of
the spectral positions of signals but also through their absorption strengths. A series of met-
alloporphyrins of metal centers in oxidation state +II and +III was shown to exhibit new and
strong IR absorption bands upon electrochemical one-electron oxidation to m-radicals, which
were essentially absent in the parent porphyrindiido complexes.[329] Even more intriguing, the
spectral position of the strong band, i.e. which normal mode is subjected to an amplification of
its transition dipole moment, depends on the molecular structure of the m-radical: While tpp®”
complexes absorb strongly at ca. 1280cm™, oep® complexes manifest themselves through

1 Over several years, this finding was confirmed

an increased absorption around 1550cm’
by various following studies.[247,274,290,203,309,330-333] | 5ter, the possibility of two distinct IR

signatures of m-radicals was explained by electronic effects rather than the molecular structure.
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According to Hu and Spiro,[286] the absorption strength of a vibrational normal mode will be
amplified if its atomic displacement vectors are perpendicular to the nodal planes of the por-
phyrin's SOMO. In brief, this model predicts that ap,-radicals exhibit an increased absorption
strength at 1280 cm™ and ap-radicals at 1550 cm™L.

9

(a) apy-orbital & v41(por) mode. (b) azy-orbital & v37(por) mode.

Figure 7: Ball-and-stick models of [Zn(p)], isosurface plots of (a) its 3ap,-orbital and (b)
its laj,-orbital, and displacement vectors (black arrows) of the normal modes (a)
va1(por) and (b) v37(por). According to reference [286], the transition dipole mo-
ments of these normal modes will get enhanced if the ay,- or aj,-orbital is single
occupied, respecticely, because their displacement vectors are perpendicular to the
nodal planes of the respective orbital. Isovalues: +0.02. Atomic color coding: H -
white, C - gray, N - blue, Zn - brown.

As shown in Figure 7, the displacement vectors of the normal mode v37(por), absorbing at
ca. 1550 cm™!, are perpendicular to the nodal planes of the aj,-orbital. Similarly, the displace-
ment vectors of the v41(por) mode are perpendicular to the nodal planes of the ap,-orbital.
Moreover, the vg1(por) vibration was assigned to absorption bands peaking ca. 1280 cm™ in
that work. This is opposed to the commonly applied assignment, introduced by Li et al. for
[Ni(tpp)],[197'322] which associates this mode with signals located around 1340 cm™. In order
to bring both studies in agreement, it needs to be assumed that the v41(por) vibration is shifted
by about -60 cm™ upon m-radical formation. Such a change seems to be possible, as a similar
shifts were reported for other modes in this region by RR spectroscopy.[275'277'311'334'335]
Moreover, this model takes into account the possibility of mixed aj,/ap,-states, which
were proposed to be the origin of an additional band at ca. 1600cm™, besides the one at
1550 cm™L, observed in some oep® complexes. Since tpp® and oep® complexes usually form
ap,- and aj,-radicals, respectively, this theory predicts for most complexes the same IR sig-
nature as the previously suggested dependence of the porphyrin’s substituents. Still, it has
to be mentioned that exceptions for both explanations exist.[286:329] Thys, the origin of the
pronounced amplification of absorption strength of specific vibrations upon formation of a

mi-radical configuration is hitherto not fully understood.
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2.2.5 Photochemistry of Metalloporphyrins

Previous examinations on the photochemistry of metalloporphyrins have been conducted mainly
by means of either visible transient absorption[299'302’336_348] or fluorescence up-conversion
spectroscopy, besides some other techniques.[349_354] Comparing several studies, it becomes
clear that the processes following photoexcitation are very dependent on the nature of sys-
tem investigated.[355_361] A detailed discussion of all de-excitation mechanisms of the various
individual complexes[336_341'356] exceeds the scope of this work. Hence, only a few findings
shall be summarized here. In general, a distinction between, on the one hand, porphyrindi-
ido complexes of the d10-ion zinc(+11) and, on the other hand, metalloporphyrins of metal
ions having open d-shells can be made. In zinc(+1l) complexes, the lifetime of the B-state
can reach up to a few picoseconds[342'345'349_353'357'358'361'362] and the lifetime of the Q-
state is in the order of 1-3ns.[299.351,358,361.363] \Moreover, their lowest triplet state can be
populated intermediately and lasts for up to a few milliseconds.[301:362.364.365] O the other
hand, the lifetime of the B-state in complexes of transition metals with open d-shell is lim-
ited to roughly 100 fs,[337.358] and their ground state recovery occurs usually within tens to
hundreds of picoseconds.[302’336'338'339'341'346'347] This finding has been explained by the
presence of the additional por—metal charge transfer (CT) and metal-centered d—d states
between the electronic ground state, the Q-, and the B-state, which unlock alternative de-

excitation pathways involving cascades of fast internal conversion (IC) and intersystem cross-
ings (ISC).[299'336_338’340'341'346'347'356'358] Still, triplet porphyrin states reach lifetimes of
many microseconds even in these complexes.[366'367]

The system probably most similar to [1] investigated so far is its chlorido analog [6]. The
substitution of an chlorido ligand for the azido ligand can be expected to cause only marginal
changes in the electronic structure. Hence, it will be assumed that the behaviour of [1] and
[6] upon photoexcitation are essentially identical throughout this work.

A picosecond UV-pump/Vis-probe experiment on complex [6] using 353 nm excitation
pulses was already conducted in 1981[368] and revealed two excited state absorptions at 445 nm
and ca. 550 nm, declining with a time constant of 50+20ps. The authors assigned the un-
derlying species to a triplet porphyrindiido complex and postulated this state to be populated
by an ultrafast relaxation (< 100fs) of the initially excited state, competing with an even
faster direct ground state recovery. About thirty years later, the photoinduced dynamics of
[6] were reinvestigated by A. S. Rury and R. J. Sension applying femtosecond 400 nm- and
520 nm-pump/Vis-probe spectroscopy. [369] This study discovered the ultrafast processes to be
dependent on the energy of the excitation pulses used: While complete GSR within ca. 100 ps
was found at low pulse energies, excitation with higher energy yield a long-lived species.
This observation indicated the occurrence of an additional de-excitation pathway initialized
by two-photon absorption (TPA). Indeed, porphyrins are known to have exceptionally large
cross-sections for both simultaneous[34:359,360,370,371] 5,4 stepwise TPA.[372-376] Besides
that, the authors evaluated the spectro-temporal evolution observed after excitation with low-

energy pulses by means of a global analysis. As they pointed out, the dynamics are well
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described by a model featuring three exponential decay components with time constants of
71 =0.4-06ps, To =1.8-2.3ps and T3 = 13-19 ps, depending on the solvent. Moreover, it
was emphasized that a fourth, ultrafast (< 150fs) relaxation process has to be preconnected
because even the spectra at the earliest pump-probe delays are identical for both excitation
wavelengths. Based on the results of a previous TD-DFT study on [6][239] and following the
de-excitation mechanisms suggested for other metalloporphyrins, the authors developed a re-
laxation scheme summarized in Equation (26). Here, m—m* refers to the mixed aj,/a,—eg

excitations of the porphyrindiido ligand known from the Gouterman model.

6, o, 0B (n—*) 1005, OQ(m—m*)
400 nm
04-06ps, 6LMCT(Ttedn) 18230, Tn(d—d) 0, °Ar (26)

According to this, [6] undergoes an ultrafast (~100fs) IC from the initially excited state
(the B-state in the case of 400 nm excitation) to the Q-state, followed by a transition to a
porphyrin-to-iron charge transfer state (*LMCT (n—dy), with dyy = dxz/dyz) within ca. 0.5 ps.
This state, for its part, has a lifetime of ca. 2ps and relaxes further to a (presumably the
lowest) quartet d—d state (*T,), responsible for the absorption features observed at time
delays of tens of picoseconds, in contrast to the earlier assignment to a triplet porphyrin
state. Finally, [6] returns from this d—d state to its electronic ground state (°A;) via an ISC.
An alternative explanation for the spectro-temporal evolution involving pronounced effects of
vibrational relaxation, as proposed for other compIexes,[338'344'346'347] was rejected in that
work.

More recently, Vura-Weis and coworkers examined complex [6] by means of Vis-pump/
extreme UV-probe (XUV) spectroscopy,[377] a technique mostly sensitive to the spin and
oxidation state of the iron center, and proposed a remarkably different relaxation scheme,
which is given in Equation (27). This group found strong XUV signals forming already within
the earliest accessible pump-probe delays, indicative of a change of oxidation state of the
iron center, and explained this finding by an ultrafast (70fs) IC from the B-state directly to
a LMCT state. Since these features were found to decay with 7o = 1.13ps to the much
weaker signals of a 'nearly XUV-dark'B77] state (maximal signal strength reduced to roughly
one quarter), they proposed an IC to the vibrationally excited, electronic ground state, without
an intermediate population of a d—d state, which is expected to yield stronger XUV responses
than the observed ones. Also here, a process with a time constant in the range of ca. 20 ps

was observed, which was, however, assigned to a VER on the ground state surface.

6, Tg’” 6B(nom*) Oy OLMCT(rosdn) —P% 6Aj(hot) —2P%, 6,
nm

(27)

It has to be mentioned, that, although the electronic structures of [6] and [1] are presumably

very similar to each other, there is a clear difference with regard to their possible reactivities.
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While photoreductive and redox-neutral photodissociations seem feasible in both cases, [6]
cannot be converted directly to a high-valent complex similar to [2] via photooxidation. Yet,
a comparable reactivity was observed for iron(+IV)(por®") complexes carrying an axial per-
chlorato ligand, which are metastable compounds available from oxidation of the corrsponding
iron(+111) complexes with ferric perchlorate, (04378 ¢f. Equation (28). Upon irradiation, the
photolabile perchlorato ligand undergoes a homolytic bond cleavage, thereby generating a
high-valent oxidoiron complex[®0:64] reminiscent of Compound | and having a lifetime of some

milliseconds.

+ Fet'1(Cl0},)3
—Fet!l(CIO,)(LY)
[FetY (por?)(Cl0,)(0%)] L” = CI, Clog (28)

[Fet ! (por®)(L7)] [FetV(por®)(Cl0y)2]

hv, 350 nm
—_—
—ClO3

Interestingly, measurements of this reaction by means of time-resolved absorption spectroscopy
revealed that the high-valent product does not exhibit an UV-Vis spectrum typical of a -
radical, but instead a spectrum more similar to those of complexes bearing a closed-shell
porphyrindiido ligands. Moreover, this intermediate was found to exhibit a much higher

reactivity towards organic substrates than known m-radical oxidoiron(+IV) complexes, (03]

but similar to those of [Mn™V (por?)(02)]+[379.380] and [FetV(cor®)(0%)] complexes (cor
= corrole). [381] These results lead to the hypothesis that the primary product is an ox-
ido(porphyrindiido)iron(+V) species, [FetV(por?)(0%)]F, i.e. an excited state of the ox-
ido(porphirinidyl)iron(+IV) complex. In fact, the idea of a low-energy excited perferryl state
has also been supported by subsequent theoretical calculations.[51:56.58.249] Fyrthermore, this
assumption offers an explanation for the discrepancy between the high reactivity of cytochrome
P450 enzymes and the merely moderate reactivity of previous artificial model systems sup-
posed to mimic them:[61.63] The challenging C—H bond hydroxylations require the high-energy
oxidoperferryl complex as catalytically active species instead of its oxidoferryl mt-radical ground
state. Yet, the short lifetime of this reactive state impeded earlier examinations on its reac-
tivity, which were conducted mostly by means of the comparably slow stopped-flow mixing
method.
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3 Methods
3.1 Synthesis

CHCl3/H50

Fe(tpp)(Cl NaN
[Fe(tpp)(C)]  + NaN3 cat. H,S0y, 25°C, 36h

[Fe(tpp)(N3)] + NaCl

C44H28C|FeN4 C44H28FGN7
704.02gmol!l  65.01 gmol! 710.59 g mol !

Azido(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+I11) was prepared starting from its
chlorido analog, [Fe(tpp)(Cl)], by substitution of an azido ligand for the chlorido ligand, as de-
scribed by Adams et al. in the literature.[382] 501 mg of [Fe(tpp)(Cl)] (Alfa Aesar, 0.712 mmol,
1.00eq) were treated with 250 m| of chloroform (stab. with 0.6% ethanol, VWR Chemicals),
a solution of 3.52 g of sodium azide (>99.0%, Sigma-Aldrich, 54.1 mmol, 76.0eq) in 75 ml of
water, and 8 drops of concentrated sulfuric acid (95-97%, Merck). The mixture was stirred
at ambient temperature for 36 hours. During this time, small aliquots were extracted in order
to measure their IR spectra. An optical density of about 0.06 at a frequency of 2056 cm™!
and a layer thickness of 100 pm w.r.t. pure chloroform indicates the reaction to be completed.
As soon as this criterion was fulfilled, the aqueous and organic phases were separated, and
the latter was filtered, dried by addition of 370 mg of anhydrous sodium sulfate (>99%, Carl
Roth) and stirring for 3 hours, and filtered again. Afterward, the solvent was removed and the
purple substance was dried for 8 hours under reduced pressure at 60 °C. The reaction yielded
412 mg (82 %) of the product complex.

IR: (DCM, 205K): 7 / cm™ (e / Mt em™) = 1074 (330), 1179 (110), 1202 (220), 1340
(430), 1442 (380), 1488 (250), 1599 (180), 2056 (2150).

UV-Vis: (DCM, 295K): X / nm (logig(e / ML em™)) = 250 (4.32), 270 (4.30), 362 (4.81),
414 (5.09), 506 (4.20), 566 (3.67), 656 (3.52), 687 (3.61), 850 (2.74).

Elemental analysis3: (mass fraction / %)
Experimentally found: C-7278, H-4.198, N - 13.25.
Anal. calc. for C44HogFeN7: C-74.37, H-3.972, N -13.80.

3 The elemental analysis was conducted on a Vario Micro Cube (Elementar).

35



3.2 Spectroscopic Methods
3.2.1 Stationary Spectroscopy

Stationary UV-Vis absorption spectra of the compounds of interest in liquid solution were
recorded on a double-beam UV-160 spectrophotometer (Shimadzu) with a resolution of 3 nm
and referenced against the spectra of the respective pure solvent, measured under identical
conditions. To this end, both solutions and pure solvents were filled into 110-QS quartz
cuvettes (Hellma), having an optical path length of 1 mm. Unless stated otherwise, stationary
mIR absorption spectra were collected on a Nicolet 5700 Fourier-transform infrared (FTIR)

spectrometer (Thermo Fisher) with a resolution of 1cm™

, again using the spectra of the
respective pure solvent as reference, and corrected for artificial contributions arising from
atmospheric water and carbon dioxide. For these measurements, solutions were filled into
home-built cells consisting of two CaF, windows (4 mm thickness, Korth Kristalle GmbH)
separated by 100 pm polytetrafluoroethylene (PTFE) spacers and kept together by stainless
steel holders. In all experiments, including those described in the following sections, DCM
(99.8%, stabilized with amylene, Fisher Scientific) or deuterated dichloromethane (DCM-d5)
(99.6%, Deutero GmbH; for measurements in the spectral ranges from 1240 cm™! to 1300 cm™!

and from 1405 cm™! to 1435 cm™) were used as solvent.

3.2.2 Rapid-Scan Spectroscopy

Nd:YAG laser FTIR
650 mJ spectrometer
1064 nm m-5 m-6 ]
~5 ns, 10 Hz sample
SHG hwp-2 pol-2
THG or FHG hwp-1 pol-1

m-1 J | hwp-3 pol-3

OPO

m-3 -

Figure 8: Schematic setup of the rapid-scan experiment. hwp - half-wave plate, | - convex
lens, m - mirror, pol - thin film polarizer. Pink line - 266 nm beam, purple line -
355 nm beam, cyan line - 412nm or 510 nm beam, red line - IR beam. The mirrors
may be replaced or removed, depending on the chosen excitation wavelength. m-1
and m-2 are dichroic mirrors reflecting 266 nm light, whereas m-3 to m-6 are dichroic
mirrors reflecting 355 nm light. m-7 to m-10 may be dichroic mirrors for either of
these wavelengths or Ag mirrors.
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Time-resolved mIR spectroscopy on timescales reaching from 101 ms to 10!'s was performed
using the rapid-scan mode of a commercial Vertex 70 FTIR spectrometer (Bruker), in conjunc-
tion with a Q-switched neodymium-doped yttrium aluminum garnet laser (Nd:YAG, Contin-
uum, Surelite 11-10), producing 650 mJ pulses centered at 1064 nm and a duration of ca. 5ns
at a repetition rate of 10 Hz.

Pump pulses centered at 266 nm and 355 nm were obtained by fourth- and third-harmonic
generation (FHG; THG) of the fundamental frequency of the laser, respectively. The THG
output was also used to drive an optical parametric oscillator (Surelite OPO Plus, Continuum)
to provided pump pulses centered at 412nm and 510 nm, which were collimated by a f =
+600 mm lens. Independently of the center wavelength, the pulse energy was subsequently
adjusted to 18 mJ by an appropriate half-wave plate and a thin film polarizer. Afterwards, the
pump pulses were directed into the measuring cell in a way to spatially overlap with the IR
beam of the spectrometer. In doing so, homogeneous illumination of the measured solution
was ensured as the diameter of pump pulse (ca. 5 mm) was significantly larger than the diam-
eter of the IR beam (1 mm). The setup is sketched in Figure 8.

In all rapid-scan experiments, solutions of [1] in DCM having a concentration of ¢([1])
= 3.0 mM were filled into home-built cells identical to those employed in the stationary FTIR
measurements and described in section 3.2.1. When required, tert-butyl isonitrile (tBuNC)
was added in equimolar amounts. In quenching experiment with tetra-n-butylammonium io-
dide (nBugNl), its concentration was set to 3.0 mM, 10.5mM, 30 mM, 105 mM, or 300 mM.
Spectral and temporal resolution in these experiments amounted to 5¢cm™ and 72.5ms, re-

spectively.

3.2.3 UV/Vis-Pump/mIR-Probe Spectroscopy

Femtosecond UV/Vis-pump/mIR-probe experiments were driven by two ultrafast titanium-
doped sapphire regenerative amplifiers (Ti:Sa, Solstice Ace, Newport Spectra-Physics), provid-
ing laser pulses having a duration of ca. 60fs, an energy of > 4.5mJ, and a center wavelength
of 800 nm at a repetition rate of 1 kHz. Both lasers were seeded by a single, ultrafast, mod-
elocked Ti:sapphire oscillator (Mai Tai SP, Newport Spectra-Physics). The front-end output
of the first laser system was divided into several fractions, one of which was used to drive a
commercial optical parametric amplifier (OPA, TOPAS 800, Light Conversion) when required.
Subsequently, pump pulses having center frequencies needed for the various pump-probe ex-

periments were obtained by the following non-linear processes conducted in appropriately cut
B-barium borate (B-Ba(BO,),, BBO) crystals:

& 266 nm: Third-harmonic generation of the fundamental frequency (THG).

« 355nm: Forth-harmonic generation of the TOPAS' signal output centered at 1420 nm
(FHGS).
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# 400 nm: Second-harmonic generation of the fundamental frequency (SHG).

* 510 nm: Sum frequency generation of the fundamental frequency and the TOPAS' signal
output centered at 1410 nm (SFGS).

Thereafter, the pump beam was sent through a half-wave plate and a chopper disc, rotating
synchronized to the laser’s repetition rate to block every second pulse. Finally, the beam was
focused by a fused silica lens (f = +400 mm) into the measuring cell, in which its diameter
amounted to ca. 500 pm. The pulse energy at the position of the measuring cell was adjusted
as required.

The front-end output of the second laser system was used to drive another commercial
optical parametric amplifier (TOPAS Prime, Light Conversion), whose signal- and idler-output
were thereupon frequency down-converted in a type-l silver gallium sulfide (AgGaSy) crystal
via difference frequency generation (DFG) to mid-infrared pulses having a spectral bandwidth
of roughly 200 cm™. Residual signal and idler light were removed by a germanium filter (Ge,
Spectrogon) behind the crystal. The generated mIR-beam was then divided by a 50:50 beam
splitter into two fractions, the probe and the reference beam, the former of which was sent two
times through a silver-coated hollow-roof retroreflector (UBBR2.5-5S, Newport) mounted on a
motorized translation stage (DL325, Newport). This setup allows a precise setting of the delay
between pump and probe pulse in a range from roughly -500 ps to 3.5ns. In the following,
the powers of both beams were adjusted individually, each by a tunable half-wave plate and
a polarizer. Thereafter, the beams were focused into the measuring cell by a gold-coated 90°
off-axis parabolic mirror (OAP, f.rr = +100mm) and afterwards recollimated by another,
identical mirror. The diameter of both mIR beams inside the cell amounted to ca. 400 pm,
i.e. slightly smaller than that of the pump beam, guaranteeing homogeneous illumination of
the measured fraction of solution. Behind the second OAP, the beams could optionally be
attenuated further by IR reflective neutral density filters. Subsequently, they were focused by
calcium fluoride lenses (CaFy, f = 4100 mm), directed into a polychromator (iHR320, Horiba)
and recorded by a 2x32 pixel, liquid-nitrogen cooled, mercury cadmium telluride (HgCdTe,
MCT) array detector (MCT-13-1.0, Infrared Associates). The detector’s electrical output was
sent to a home-built 64 channel amplifier, digitalized by three data acquisition boards (DT
3016, Data Translation) and recorded by a homemade software.

The optical pathways were adjusted in a way that the spectral overlap of all three beams
inside the measuring cell was guaranteed, the angles between pump and reference beam and
pump and probe beam amounted to only 5°, and the reference pulse arrived at the cell ca. 1.5ns
before the pump pulse. Moreover, the polarization plane of the pump beam was set to the
magic angle w.r.t. that of the probe beam to eliminate signal contributions caused by rotational
diffusion.

The recorded spectra of the reference pulses were utilized to account for the shot-to-shot
instability of the probe OPA, whereas the spectra of the probe pulses correspond alternatingly
to the intensities /5 1 and I wop from Equation (18), depending on whether the pump pulse

was blocked or permitted by the chopper disc, and were employed to calculated the differntial
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optical density.

During all measurements, the setup was purged with dry air to minimize absorption of the
mIR pulses by atmospheric water. The measuring cell was a home-built flow cell, consisting of
two CaFy windows (4 mm thickness, Korth Kristalle GmbH), hold at a distance of 200 ym by
an amalgamated lead spacer, and mounted together by an aluminum holder. The measured
solutions of [1] in DCM or DCM-d» had a concentration of ¢([1]) = 3.0 mM and were circulated
through a closed-looped PTFE tubing system, including a reservoir and the flow cell. Here, the
flow was implemented by a gear pump (mini-gear pump 316/PTFE, Maprotec) and set to a rate
of ca. 100 mL minL. Additionally, the cell was mounted to a motorized cell holder, allowing
translation perpendicular to the pump beam during the measurements to avoid deposits of

solid photoproducts on its windows. The entire setup is depicted in Figure 9.

to dry air
UV/Vis-pump/ translation ¢
Vis-probe stage
experiment
V'S
chopper | AN [T F
m-3 poly-
{ chromator
SHG \T
: oSk
THG, bs-3 , 1
SFGS or | qm-2 /
FHGS hwp-1pol-1
OPA Ge filter
bs-2 beam dump
m-1
\ q bs-1 OPA
m-11 |
Ti:Sa Ti:Sa _
laser 1 laser 2 Slgr;.a:c!
5.9 puJ 4.8 pJ ampliner
800 nm | Ti:Sa | 800 nm data
60 fs seed 60 fs 4 gear acquisition
1 kHz laser 1 kHz reservoir pump boards

Figure 9: Schematic setup of the UV/Vis-pump/mIR- probe experiment. bs - beam splitter,
f = IR filter, hwp - half-wave plate, | - convex lens, m - Ag mirror, mct - HgCdTe
detector array, oap - Au-coated 90° off-axis parabolic mirror, pol - polarizer, rr -
retroreflector. Pink line - 800 nm beam, blue line - pump beam, red line - mIR
beam, yellow line - tubing filled with solution.
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3.2.4 UV/Vis-Pump/Vis-Probe Spectroscopy

L g

chopper
SHG, m-4
THG, f OPA
SFGS
rr-1
OPA oap-2
* ﬁs 5 cuvette
m- .
Ti:Sa laser 1 m-15
5.9 wJ, 800 nm 7@\
60 fs, 1 kHz bs-1

spectrometer

beam dump

v gear ((
to UV/Vis-pump/ pump 4 .
mlR-probe experiment L reservoir

Figure 10: Schematic setup of the UV /Vis-pump/Vis-probe experiment. bs - beam splitter,
f - neutral density filter, foc - fiber optic cable, hwp - half-wave plate, | - convex
lens, m - Ag mirror, oap - Ag-coated 90° off-axis parabolic mirror, pol - polarizer,
rr - retroreflector. Pink line - 800 nm beam, blue line - pump beam, orange line -
signal beam, green line - white-light beam, yellow line - tubing filled with solution.

The femtosecond UV/Vis-pump/Vis-probe spectrometer (TAS, Newport/Spectra Physics),
sketched in Figure 10, was powered by the same Ti:sapphire oscillator/regenerative amplifier
front-end employed to generate pump pulses for the UV /Vis-pump/mIR-probe setup. A frac-
tion of its output was converted to UV or Vis pump pulses by the same processes described in
the previous section, using another commercial OPA (TOPAS Prime, Light Conversion) when
required. The pump pulses traveled through a chopper disc, a half-wave plate setting their
polarization plane to the magic angle w.r.t. that of the probe pulses, a f = +75mm lens and
were finally directed into the measuring cell. The pulse energy at the position of the cell was
adjusted to 8.0 uJ unless mentioned otherwise.

Another fraction of the laser’'s fundamental was used to drive a third TOPAS Prime to
generate signal pulses centered at 1250 nm, which were first sent four times along a linear

motorized translation stage (DLS 325, Newport) equipped with two silver-coated hollow-roof
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retroreflectors (UBBR2.5-2I, Newport), allowing an adjustment of the pump-probe delay, and
afterwards focused by a f = +100 mm quartz lens into a 3mm calcium fluoride substrate
moved by a motor during the measurements. In this substrate, a white-light supercontinuum
was produced via self-phase modulation. Then, it was focused by two Ag-coated off-axis
parabolic mirrors (f, sy = +100 mm), divided into a probe and a reference pulse, the former
of which was spatially overlapped with the pump pulse inside the measuring the cell under an
angle of ca. 10°. The diameters of the pump and probe beam inside the cell amounted to
ca. 900 pm and ca. 500 pm, respectively. Both probe and reference pulse were attenuated by
neutral density filters and directed with fiber optic cables into a polychromator equipped with
two diode arrays with 1024 pixels each. The entire setup and data acquisition was controlled
by a homemade software. Thereby, the measuring principle is identical to this of the UV /Vis-
pump/mIR-probe experiment.

The sample cell was a 1 mm quartz glass flow cell (QS, Hellma), attached to a tubing
system identical to that described in section 3.2.3, and moved by two motors throughout the
measurement. Solutions of [1] in DCM had a concentration of ¢([1]) = 60 pM.

3.3 Computational Methods

All quantum chemical calculations in this work were carried out within the framework of
density functional theory (DFT) and its time-dependent extension (TD-DFT) using the pro-
gram package TURBOMOLE v7.5.1383-386] Chai's and Head-Gordon'’s functional wB97X,[387]
a range-separated hybrid version of Becke's GGA functional B97,1388] was employing in con-
junction with Ahlrichs’ triple-( basis set, def2-TZVP,1389:3%)] for all atoms of the porphyrin
skeleton, iron atoms and the azido, chlorido, oxido, nitrido, isonitrilo, and carbodiimido groups
of the axial ligands, whereas the smaller def2-SVP basis set389.391] \yas used for the atoms
of the peripheral phenyl and tert-butyl groups. In order to compensate for the neglect of
dispersion interaction of density functionals, Grimme's empirical dispersion correction, version
4 (D4)139239] \yas added. Numerical integrations were performed on grids of the size 4 (in-
ternal nomenclature of the program). An implicit solvation model (conductor-like screening
model, COSMO) was intentionally omitted as it caused issues in the convergence of frequency
and TD-DFT calculations in some cases. Still, since experimental electronic absorption spec-
tra of metalloporphyrins in the gas phase and in solution do not differ noteworthy,[223’224] it
can be assumed that results obtained under neglect of the solvation model are transferable
to the systems in solution. If not stated otherwise, molecules were calculated within C; (1)
symmetry, even though some of them could be assumed to adopt a higher symmetry group.
In more detail, single point calculations were considered to be converged if the difference
of the total energy and the one-electron energy of two consecutive iteration steps were smaller
than 107 and 10™#, respectively. (All thresholds in atomic units.) Molecular geometries

were optimized to a change of total energy of less than 10~ between two successive steps, a
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root mean square (rms) gradient and rms displacement of less than 5-10~4, respectively, and
a maximal gradient element and a maximal displacement element of 1073, respectively. The
convergence of the electronic wavefunctions of the optimized structures were validated via
stability analyses. All structures were confirmed to be true minima of the potential energy sur-
face by analytic frequency calculations within the harmonic approximation and verifying that
all eigenvalues of their hessian matrices are positive. The convergence criteria of frequency
and excited state calculations were set to a maximal Euclidian residual norm of less than 10
and 1077, respectively. Other parameters equated to the default settings of the program. Vi-
brational frequencies were scaled by an empirical factor of 0.942 to account for the intrinsic
overestimation made by hybrid density functionals. Population analyses were performed using
the Lowdin method.
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4 Stationary Spectroscopy

4.1 FTIR Spectroscopy

The stationary FTIR absorption spectrum of [1] in room-temperature DCM (DCM-d5) so-
lution in the spectral range from 1050 cm™ to 2200 cm™ is displayed in the upper panel of
Figure 11(a). The spectrum consists of a variety of distinct signals, which will be assigned
to molecular vibrationals in the following. To this end, the experimental spectrum of [1] is
compared with spectra of related complexes and a theoretically predicted spectrum, shown in
lower panel of Figure 11(a). As the figure demonstrates, the DFT calculation reproduces the
experimental spectrum reasonably and, hence, justifies the application of the computed results
in the interpretation.

Starting from the high-frequency border of the shown spectral range, a very pronounced

signal, having a peak extinction coefficient of ca. 2150 M cm

, is observed at a frequency
of 2056cm™. A magnified representation of this signal is given in Figure 11(c). This band
can be assigned unarguably to the antisymmetric stretching vibration of the N3-ligand of [1],
vas(N3), since this vibration is, as already mentioned in section 2.2.2, a characteristic marker
band of this functional group well known from other azido complexes.[197'394] Moreover, the
calculated spectrum of [1] features an intense resonance band in this spectral region, although
56 cm™L higher in wavenumber than the experimental value even after application of a scaling
factor as typically done for frequencies obtained by hybrid-DFT methods. The corresponding,
computed atomic displacement vectors of the underlying normal mode are depicted in Figure
11(f) and confirm the assignment to vas(N3). The line shape of this signal complies well with
a Lorentzian profile, except for a weak shoulder on its high-frequency flank, whose origin is
undisclosed so far. It is worth mentioning that the resonance band of v;5(N3) of the bound
N3-ligand is blue-shifted by 50 cm™! with respect to the uncoordinated, free N3 anion in DCM
solution (cf. Figure A2 in the appendix). In contrast, the absorption strength of this vibration
is almost unaffected by coordination to the metal center. In fact, the ratio of the frequency-
integrated extinction coefficients, oy, of the vas(N3) bands of [1] and N3 amounts to 0.95,
differing only slightly from unity. For the purpose of time-resolved measurements of complex
[1], probing this absorption band is an evident choice for several reasons. First, the signal
exhibits a high absorption strength and, second, peaks in a region free of disruptive signals
of the solvent or the atmosphere. Moreover, the signal is isolated from other bands of the
complex, and localized on the reactive functional group. For all these reasons, time-resolved
measurements of this band can be expected to yield results which are of high quality, contain
valuable information, and are relatively easy to interpret.

Going to lower frequencies, four bands at 1599 cml 1577cm™, 1488 cm™!, and 1442 cm!
are observed, whose extinctions coefficients range from 60 M1lcm? to 400M1eml. An ex-
panded picture of this spectral region and representations of the underlying normal modes
are given in Figure Al(b) and (f) - (j), respectively, in the appendix. All four signals

match well-known resonance bands of monosubstituted phenyl groups, referred to as M 4(aq),
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Figure 11: Stationary FTIR absorption spectrum of [1] in room-temperature DCM (DCM-
dy) solution. (a) Upper panel: experimental spectrum (blue); regions probed
in the fs-pump-probe experiments (light gray). Lower panel: inverted DFT-
predicted spectrum (gray) obtained by convolution of the stick spectrum with
a Lorentzian function having a FWHM of 20cm™; assignment of experi-
mental and theoretical absorption bands (black lines and labels); above the
axis intercept, the spectra are scaled by a factor of 0.2 for more clarity.

(b) & (c) Expansions of the experimental spectrum in the spectral regions
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important for this work, as specified in the subtitles. The numbers and labels indicate peak
positions in cm™ and their assignment. (d), (e) & (f) Ball-and-stick models of [1] and
calculated atomic displacement vectors (black arrows) of the normal modes corresponding
to the absorption bands shown in (b) and (c). The subtitles specify their notations and
experimental resonance frequencies. Atomic color coding: H - white, C - gray, N - blue, Fe -
brown.

M p3(by), Ms5(a1), and Mo4(by), respectively, in the systematic Mulliken (Herzberg) nomen-
claturel140:395] suggested by Wright and coworkers. [39] Regarding the three high-frequency
signals, this assignment is fully in line with the results of the DFT calculation. However, in
the case of the band centered at 1442cm™, the calculations predict an overlap and weak
coupling of the M »4(by) vibration with the v4g(por) mode centered at the porphyrin moiety,
both of which are essentially C—H rocking modes. Although both porphyrin and phenyl groups
exhibit a resonance at this frequency, it can be assumed that the absorbance originates pre-
dominantly from the phenyl groups. A study by Hu and Spiro revealed that the analogous
band of [Cu(tpp)] changes its spectral position only upon deuteration of the phenyl rings, but
not upon deuteration of the porphyrin skeleton.[286] Regarding their sensitivity towards the
electronic and molecular structure, a comparison to spectra of other metallo-tpp complexes
demonstrates all four bands to be hardly affected by the nature of the metal center and axial
Iigand.[397’398] For this reason and because of their poor absorption strength, these signals are
of subordinate importance in view of exploring the photoreactivity of [1].

At even lower frequencies, three overlapping bands are observed at 1340 cm™t, 1335cm™!,
and 1322cm! (cf. Figure 11(b)), with extinction coefficients of 430 Mt cm™t, 380 Mt cm™,
and 170 ML ecm™!, respectively. The first signal can be assigned to the v41(por) mode, an E,-
symmetric combination of the symmetric pyrrole half-ring stretching modes (in the idealized
picture of the porphyrin ligand having Dyj, symmetry),[322] visualized in Figure 11(e). More-
over, the corresponding Ag-symmetric combination (v4(por)) and the symmetric azide stretch-
ing vibration (vs(N3)) are known to have resonance frequencies in this spectral region.[197:394]
Both of these normal modes would be IR-silent if the N3 -ligand and tpp2-ligand adopted
the high symmetry group of their respective free anion (D}, and Dyy,, respectively). Yet,
because of the coordination to the metal center, the symmetry is lowered and vs(N3) becomes
IR-active. The DFT calculations predict vs(N3) and vg(por) to be strongly coupled, so that
the resulting out-of-phase and in-phase combinations, vs(N3)-v4(por) and vs(N3)+vg4(por),
can be hold responsible for the signals at 1335cm™ and 1322cm™, respectively. The former
normal mode is depicted in Figure 11(d).

It is worth mentioning that the good agreement of the computed and experimental spec-
trum in this region is merely a result of an error compensation. As shown in Figure A3 in the
appendix, DFT predicts the weak band at 1322cm™ to originate from va1(por). However,
a comparison of the experimental spectra of [1] and the chlorido complex [6] reveals that
only the band at 1340 cm™! is preserved upon replacement of the azido ligand. Consequently,

this signal must originate from a tpp?-centered vibration, while the other two bands source
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their absorption strength from the azido ligand. Hence, the correctly predicted spectrum is a
corollary of, on the one hand, both the frequency and the oscillator strength of v41(por) being
underestimated and, on the other hand, both quantities being overestimated in the case of
vs(N3). Moreover, the harmonic frequency calculation does not reproduce the smaller signals
observed at 1361cm™t, 1299 cm™, and 1261 cm™, which are therefore likely to originate from
either overtones or combination modes of low-frequency vibrations.

This spectral region is, besides the one around the v,5(N3) signal, a promising target for
time-resolved experiments. First, the presence of the vs(N3) resonance band allows in prin-
ciple monitoring the photoreactivity of [1], too, although it is less suited than the v,5(N3)
resonance band due to its lower extinction coefficient. Second, the v41(por) band is known to
be a structure-sensitive marker band in general[l%] and especially diagnostic of the formation
of ay,-type m-radical configurations, as discussed in section 2.2.4. However, it has to be kept
in mind that this electronic structure causes the v41(por) band to shift to a frequency of about
1280 cm™L. In brief, probing this spectral region might allow gathering information regarding
the electronic structure of transient species and products.

Below this region, three additional bands are found at 1202 em! 1179cm™! and 1074 cm™?,
having extinction coefficients between 100 Mt cm™ and 350 ML cm™L. An enlarged represen-
tation is given in Figure Al(a) in the appendix. These bands correspond to C—H rocking and
scissoring modes involving both the phenyl groups and the porphyrin macrocycle (M ¢g(a1),
vs1(por), and vsp(por), Figure Al(c) - (e)).322:39] Similar to the signals in the range from
1400cm™! to 1620 cm™L, these three signals are neither strong nor structure—sensitive,[397'398]
therefore unlikely to yield valuable information regarding the aims of this work, and will not

be considered any further.

4.2 UV-Vis Spectroscopy

The stationary UV-Vis absorption spectrum of [1] is reproduced in Figure 12(a). As in the
previous section, the experimentally observed absorption bands will be explained with regard
to their underlying transitions, here between electronic states of complex [1], based on infor-
mation from the literature and quantum chemical calculations.

At first glance, the visible absorption spectrum of [1] seems to reflect all spectral features
of a typical metalloporphyrin (cf. section 2.2.3): a pronounced B-band peaking at 414 nm (e
= 1.24-10° ML cm1) and four weaker Q-bands at 506 nm (¢ = 1.58-10* M-l cm1), 566 nm
(e = 47103 M1 cm), 656 nm (e = 3.3-103 ML cm™1), and 687 nm (e = 4.0-103 ML cm™).
Still, a closer inspection reveals these signals to deviate in both their spectral positions and
relative amplitudes from the spectra of 'normal’ metalloporphyrins described by the Gouter-
man model.[222-224.279] This is because the Gouterman model takes into account only the
four frontier orbitals of the porphyrindiido ligand under the assumption that orbitals of the
metal center do not contribute to the low-energy excitations.[221:232,233,255] \while this pre-

requisite is reasonable for metal centers having an entirely full d-shell or no d-electrons at all,
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Figure 12: Stationary UV-Vis absorption spectrum of [1] in room-temperature DCM solution.
(a) Upper panel: experimental spectrum (blue); the black numbers indicate peak
positions in nm; labeled, colored arrows indicate the center wavelengths of the
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pump pulses used in time-resolved experiments. Lower panel: inverted, TD-DFT-predicted
spectrum (gray) obtained by frequency down-shift of the stick spectrum by 4000 cm™ and
convolution with a Gaussian function having a FWHM of 2000 cmL: selected roots are labeled
by the gray numbers. Black letters assign the spectral regions to the B- and Q-bands. Note
that the spectra are scaled up by a factor of 10 above a wavelength of 460nm. (b) - (e)
Ball-and-stick models of [1] and isosurface plots of the natural transition orbital pairs of
highest eigenvalues of selected roots from the TD-DFT calculation. The subtitles indicate the
corresponding root and the spin function of a NTO pair, while the numbers above the arrows
specify their contributions to the total excitations. Isovalues: +0.03. Atomic color coding: H
- white, C - gray, N - blue, Fe - brown.

e.g. Znt!l (dlo) and Mgt! respectively, metal atoms having a partially occupied d-shell and
especially those having unpaired electrons show spectra strongly differing from the predic-
tions of this simple model.[222-224] The differences originate from admixtures of the purely
porphyrin-centered m—* transitions and metal-centered d—d, metal-to-ligand charge trans-
fer (MLCT), and ligand-to-metal charge transfer (LCMT) transitions, including those involv-
ing orbitals centered at axial ligands if those are present.[222'255'278'399'400] For instance,
Kobayashi et al. reported UV-Vis spectra of various [Fet!!!(tpp)(L)] complexes, carrying dif-
ferent, monoanionic, axial ligands L, and pointed out that the lowest excited states need to
be described by superpositions of the mt(por)—m(por)* and n(por)—d(Fe) CT transitions.[2%%]
Not surprisingly, those spectra are nearly equivalent to the spectrum of [1] measured in this
work. In the more recent study,[239] Lehnert and coworkers reproduced the absorption spec-
trum of the chlorido complex [6] well by means of TD-DFT calculations and supported this
proposal.

Similarly, the TD-DFT calculation of [1] conducted in this work yield a spectrum as shown
in gray in Figure 12(a), which is essentially in line with the experimental spectrum. At the
same time, an evaluation of the theoretical results by means of a natural transition orbital
(NTO) analysis corroborates the findings of Kobayashi et al. and Lehnert et al., and, in doing
so, underpins the assumption that the electronic structures of [1] and [6] are indeed highly
comparable. NTOs and detailed assignments of the all roots up to the ones corresponding to
the B-band (root 23 and 24) and selected roots in the ultraviolet region are presented in section
8.2. For the sake of clarity, only NTOs of root 3, 8, and 16, contributing to the signal observed
at 850 nm, 687 nm, and 506 nm, respectively, are exemplarily included in Figures 12(b) - (f).
Indeed, root 3, 8, 16, and most other computed excitations of significant oscillator strength
in the Q-band region (> 450 nm) exhibit predominantly t(por)—d(Fe) CT character, and, in
some instances, a smaller contribution of the aj,—eg transition. These excitations give rise
to the absorption bands centered at 506 nm, 656 nm, and 687 nm, as well as the weak tail
maximal at ca. 850 nm and reaching up to the nIR region. In contrast, the "true’ Q-bands of
[1], i.e. the mixed ay,/ap,—eg transitions according to the Gouterman model (although even
those show a small degree of CT character), exhibit negligible oscillator strengths. Interest-
ingly, they are predicted to be split into two distinct subsets, root 6 and 7, located around

800 nm, and root 1 and 2, located above a wavelength of 1000 nm. Note also that there is
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no participation of purely iron-centered excitations, as the high-spin d°-configuration does not
offer spin-allowed d—d transitions.

As opposed to the Q-band region, the pronounced B-band of [1] at 414 nm is in fact well
described by the classic superposition of aj,/ay,—eg transitions, with only minor contribu-
tions of orbitals centered at the iron atom or azido group. An exemplary NTO pair is depicted
in Figure 12(g).

Azide-to-iron CT transition are predicted to absorb, on the one hand, in the Q-band region,
yet having small oscillator strengths. The only exception is root 14, the Tch(N3)—>dyZ(Fe)
transition, which can be hold responsible for the absorption band at 566 nm. On the other
hand, N3—Fe transitions are the predominant contributions to the strong absorption band
peaking at 362 nm (¢ = 6.48-10* ML cm™L, cf. Figure 12(h) & (i)). This result is in agreement
with a previous study, which assigned the intensive bands of (porphyrindiido)iron complexes
in this region to LMCT transitions from the axial Iigand.[304] This proposal was based on the
observation that photolysis experiments under selective excitation at this wavelength induced
a heterolytic Fe-L bond cleavage.

Even deeper in the ultraviolet, a region of nearly uniform absorbance around an extinc-
tion coefficient of 2.0-10* ML cm™ is observed. The TD-DFT calculation predicts a mul-
titude of electronic transitions contributing to this band, whose descriptions require each
numerous NTO pairs. Furthermore, many of those NTOs cannot be assigned unequivo-
cally to a specific functional group of the complex. Experimentally, it is known that both
phenyl-centered t—1* transitions!138:401] and porphyrin-centered t—m* transitions (N and L
band),[224'240'248'303] involving orbitals beyond the four-orbital model, absorb in this region.
Furthermore, the assumption of additional por«sFe CTl222] 3ng N3—Fe CT transitions oc-
curring there is justified.[120'125] As before, coupling of these different types of transitions is
presumably possible. Hence, due to its high complexity, an assignment of this absorption band
is not feasible here.

The fact that the absorption bands of [1] cover a very broad spectral range raises the
question, which excitation wavelength is most suited to induce the desired photooxidation to
[2]. The currently available information leave this question unanswered. On the one hand,
the previous studies on [2] utilized light of wavelengths between 406.7 nm and 514.5nm for
this purpose.[104'105'108] On the other hand, N3—Fe CT transitions, presumably activating
the azido ligand, are achieved most easily by pumping around 362 nm.[304.369] And lastly, pho-
tooxidation of azidoiron(+I111) complexes with redox-innocent auxiliary ligands was revealed to
become efficient only for excitation around 266 nm, but not for longer wavelengths.[115'116]
Considering this, it is not possible to predict the outcome of a photolysis of [1] at a given
wavelength a priori. For this reason, the first aim of this work, which will be the topic of
the following section, is to identify the excitation wavelength most appropriate to produce the
high-valent nitrido complex [2].
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5 Time-Resolved Spectroscopy

5.1 Quantum Yield of Photoconversion and Distribution of the
Products

In the beginning of the investigations on the photolysis of [1], the primary quantum yield
() of photoconversion and the nature and fractional yields of the generated products were

determined. The results on this topic are published in the following research article:

S. Flesch, P. Véhringer, Chem. Eur. J. 2023, 29, €202301207.
DOI: https://doi.org/10.1002/chem.202301207

The full article and supporting information (SI) are attached in the appendix, section 8.10.
Their contents and essential results are summarized in the following, whereat the individual
contributions of the first author (and author of this doctoral thesis), Stefan Flesch, and the

second author of the article, Prof. Dr. Peter V6hringer, are specified.

As discussed in section 2.2.1, three distinct reaction pathways can be distinguished in the

photolysis of transition metal azido complexes:[115'116'121]

o The release of Ny under formation of a nitrido complex, referred to as photooxidation,
cf. Equation (12).

o The redox-neutral cleavage of azido anions, creating a vacancy in the ligand sphere of

the metal center, cf. Equation (10).

o The generation of an azidyl radical and a reduced metal complex, likewise bearing a

vacancy (photoredution), cf. Equation (6).

The individual quantum vyields of all three processes depend on the complex, the excitation
wavelength and the environment.[115:116.121] | the case of [1], the occurrence of both the
photoreductive and photooxidative pathway were reported.[109'110'179'304] However, quantita-
tively accurate quantum vyields and their dependence on the excitation wavelength have not
been determined so far. Knowledge of the distribution of the products is nevertheless highly
valuable in order to interpret data produced by ultrafast time-resolved measurements. There-
fore, the quantum yields of the three aforementioned reactions were experimentally determined
in liquid DCM solution by UV/Vis-pump/mIR-probe and rapid-scan spectroscopy at four dif-
ferent excitation wavelengths: 510 nm, 400/412 nm, 355 nm and 266 nm.

All experimental contributions to this work, i.e. synthesis of [1], stationary FTIR and
UV-Vis, rapid-scan FTIR and UV /Vis-pump/mIR-probe measurements, as well as all DFT cal-
culations were performed by Stefan Flesch, who evaluated their results and wrote the original

manuscript. Peter Vohringer revised and validated the analysis, improved the writing and the
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evaluation of the kinetic traces by means of linear regressions.

In the first section of the article, the stationary UV-Vis absorption spectrum of [1] and
the stationary FTIR spectrum of [1], N3 (already discussed in section 4), and tBuNC in the
range from 1900 cm™ to 2200 cm™ are presented. Here, it is emphasized that the frequency-
integrated extinction coefficients (the absorption strength), «g, of the va5(N3) resonance
bands of the free and coordinated N3  anion are approximately the same. Consequently, the
formation of azide anions via the redox-neutral pathway can easily be verified and quantified
by detection of its resonance band at 2006 cm™. Because this band is observed neither in
the fs-pump-probe nor in the rapid-scan spectra regardless of the excitation wavelength, the
occurrence of the redox-neutral decomposition of [1] can be excluded.

Obtaining spectroscopic evidence of the photooxidation and -reduction is more challenging
as none of their products exhibits strong and characteristic absorptions in the accessible spectral
range. Thus, these reaction pathways are verified in an indirect fashion by chemical conversion
of the primary photoproducts (quenching, cf. section 2.2.2). In the second part of the article,
the quenching of azidyl radicals, originating from photoreduction and tracked by stationary
difference spectroscopy, is discussed. Following Equation (17), N3 molecules can be converted
to N3 anions via a one-electron transfer reaction with iodide anions, |- .[120,178,180,198] )|,
this reaction has to compete with the self-quenching of N3 to N2.[119'177'l78] For this reason,
the former reaction requires a large excess of 1~ up to a hundredfold w.r.t. [1] in order to
proceed quantitatively. In this asymptotic limit, the fractional yield of the photoreduction,
fred» i-e. the ratio of N3 molecules (or [3,e4] complexes) generated per decomposed complex
of [1], is calculated from the ratio of the integrals of the N3 resonance band and the par-
ent’s bleaching signal and the known ratio of these signals from the stationary spectra. f,..4
amounts to 0.6, 0.4, and 0.5 for 510nm, 412 nm, and 355 nm excitation, respectively. For
266 nm excitation, this quenching reaction is not feasible as |~ absorbs at this wavelength as
well (see SI).

By process of elimination, it has to be concluded that the remaining fraction of de-
composition, for, proceeds via photooxidation. Yet, in order to provide an experimental
proof of the formation of [2], another quenching reaction is performed by addition of tert-
butyl isonitrile (tBuNC, cf. Equation (20)). Various previous studies on the reactivity of
nitrido complexes have demonstrated them to react with isonitriles to carbodiimido com-
plexes, whose NCN-antisymmetric stretching vibration gives rise to a strong signal between
2100 cm™! and 2200 cm™L .[7:92,94,207,209] Apq indeed, a strong band at 2121 cm L attributed
to the complex tert-butylcarbodiimido(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+I11),
[Fet!!!(tpp)(NCNtBu)] ([4]), is found in the rapid-scan spectra after photolysis of a solution
of [1] and one equivalent of tBuNC, unequivocally proving the formation of [2].

Interestingly, besides this band, two additional transient absorptions at 2006cm™ and
2200cm™ are observed, both of which decay entirely within ca. 10s. At the same time,
the bleaching signals of [1] and tBuNC decline partially. An analysis of the peak posi-

tions and integral ratios leads to the conclusion that the signal at 2200 cm™ originates from
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the complex bis(tert-butylisonitrilo)(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+I11),
[Fet!!!(tpp) (CNBu),] T ([5]), which recombines with an N5 anion (absorbing at 2006 cm1)
to [1] and under release of two tBuNC molecules, according to Equation (31). This
bimolecular reaction follows second order kinetics and has a rate constant of k, =
(2.03 + 0.35)-10* M1s7! at room-temperature.

[Fet! (tpp)(O)] + 2 CNtBu —»  [Fet!!(tpp)(CNtBu)y] (29)
[Fe™ ! (tpp) (CNtBu)a] + N3 —  [Fe™!!(tpp) (CNtBu)o| T + N3 (30)
[Fe!(tpp)(CNtBu)o] T+ Ny —  [Fe™(tpp)(N3)] + 2 CNtBu (31)

The existence of [5] is explained by a fast complexation of the photoreduction product
[3red] by two tBuNC molecules, forming the complex bis(tert-butylisonitrilo)(5,10,15,20-
tetraphenylporphyrin-21,23-diido)iron(+11), [Fet! (tpp)(CNtBu)s] ([5yeq]), as described in
Equation (29). This species is assumed to undergo a subsequent one-electron transfer with
an N3 radical to [5] and N5, according to Equation (30).

Finally, the primary quantum yields of photooxiation and -reduction are determined by
evaluation of (12 pJ) fs-UV/Vis-pump/mIR-probe kinetic traces of the bleaching signal of [1].
To this end, the kinetic traces for all four excitation wavelengths are fitted as monoexponen-
tial functions, giving time constants of around 20 ps. While, the photoconversion turns out
to be very inefficient at 510 nm excitation (& = 0.8%), pump pulses centered at the lower
wavelengths give rise to considerable quantum yields: 7.4% for 400 nm, 5.7% for 355 nm, and
7.1% for 266 nm. Multiplying these values with the fractional yields of photooxidation and
-reduction gives the primary quantum yields of both processes.

In summary, the work presented in this article delivers the following information regarding

the photolysis of [1] in liquid, room-temperature DCM solution:

¢ The primary yield of photoconversion is < 1% for 510 nm excitation and 5.5-7.5% for

excitation wavelengths < 400 nm.

o Photolysis of [1] proceeds via photooxidation to [2] and -reduction to [3,eq] in roughly

equal amounts, which are only slightly dependent on the excitation wavelength.

o The former process can be verified by a reaction of the high-valent nitrido product [2]
with an isonitrile to a carboddimido complex ([4]), whereas the latter can be evidenced

by conversion of N3 radicals to N3 anions by addition of I™.

Judging by the results obtained here, pump pulses with center wavelengths around 400 nm are
best suited to generate the nitrido complex [2]. Hence, subsequent experiments, discussed in

the rest of this work, focus on excitation with light of exactly this wavelength.
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5.2 Primary Processes after Photoexcitation — Low-Energy

Excitation
5.2.1 Dependence on the Pump Pulse Energy

It is crucial to mention that the primary quantum yields specified in the previous section are
comparable with each other only because the applied pump pulses of varying center wavelengths
have the same energy density, i.e. the energy of a pulse, Epump, divided by its area. In fact,
repetitions of the 400 nm-pump/mIR-probe experiments in the spectral region around the
vas(N3) resonance band using pump pulses of different pulse energies (at constant beam
diameter) revealed ® to be highly dependent on this parameter. This effect is pictured in
Figure 13(a), which shows transient spectra recorded in these experiments at a pump-probe
delay of 200ps, i.e. after completion of the primary photoinduced processes, as it will be
demonstrated later. To enhance comparability, each spectrum is normalized to the amplitude
of the initial bleaching contribution AODyjesch(2056 cm™, 0ps, Epump), recorded with the
same Epump, as stated in Equation (38). This approach appears justified because the early
transient spectra of different Epymp do not differ in shape, but merely in magnitude. As
Figure 13(a) reveals, the normalized residual signals and, consequently, the primary quantum

yield increase significantly with the energy of the pump pulse.

AOD(D, T7 Epump)

AODnorm. (7,7, E -
norm. ( pump) AODyjeach(2056 cm™, 0ps, Epump)

, (r=200ps)  (38)

In order to provide a more accurate determination of the primary quantum vyield, the transient
spectra were fitted as superpositions of two functions: a Lorentzian profile, describing the tran-
sient bleaching, and a log-normal distribution or Gaussian function, describing the transient
absorption at early and late delays, respectively (see also section 5.2.2). As demonstrated in
Figure 13(b), the correlation of the primary quantum yield on the energy of the pump pulse
reflects a proportional function. This finding is in agreement with the publication of Rury and
Sension, 3091 who reported the observation of a long-lived excited species after 400 nm exci-
tation of [6] by fs-Vis-probe spectroscopy and attributed its formation to processes following
TPA.

In fact, if the reactive channel was accessible from absorption of a single photon (SPA)
instead, the quantum yield would be expected to be independent of the pulse energy. This is
because, in this scenario, an enhanced pulse energy, i.e. a larger number of photons, raises the
number of excited complexes in a proportional fashion, 402l but does not change the subse-
quent processes each individual excited complex is subjected to. Hence, a higher pulse energy
scales up the amplitudes of all transient signals at any pump-probe delay by a constant factor,
which cancels out in the calculation of ®.

In contrast, the probability of a molecule absorbing two photons successively increases
with the square of the pulse energy.[371'402] Consequently, if the generation of photoproducts
is triggered by such a TPA, the amplitude of a residual bleaching signal will show a quadratic
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Figure 13: Dependence of the late 400 nm—pump/1900—2100cm'l—probe spectra of [1] in
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room-temperature DCM solution on the energy of the pump pulse. (a) Transient
spectra recorded 200 ps after photoexcitation, normalized to the initial bleaching
signal, for several pump pulse energies, as specified by the colored numbers. The
light gray areas represent Lorentzian functions describing the bleaching contribu-
tions, the dark gray areas Gaussian functions describing the transient absorptions.
The black numbers indicate peak positions in cm™. The dotted, colored lines em-
phasize the amplitude of the bleaching contribution, which is, due to the normal-
ization of the spectra, equal to the negative primary quantum yield. (b) Primary
quantum yields determined for various pump pulse energies (gray crosses) and
proportional regression function (black line). (c) Product spectrum after 12 pJ,
400 nm-excitation of [1] in the spectral region around the va5(N3) resonance band,
averaged over delays from 150 ps to 3.5ns (red), and stationary FTIR spectrum
of [1] (blue), scaled to the magnitude applied to calculate the product spectrum.
The numbers indicate peak positions in cm™L.



growth as well. However, the strength of the initial bleaching signal might still scale pro-
portionally with the pulse energy even if significant TPA occurs, given that the two photons
are absorbs subsequently ('resonant TPA') rather than simultaneously. This is because the
transient bleaching is indicative of the depopulation of the ground state, which is not affected
by the absorption of a second photon by the already excited molecules. Based in these scaling
behaviors and Equation (19), ® will depend proportionally on the pulse energy, exactly as
experimentally observed here. Moreover, this result provides an explanation of the extremely
low efficiency of the photoconversion of [1] to [2] reported in earlier studies, which relied on
low-power light sources.[105:108,110]

Interestingly, the late pump-probe spectra in Figure 13(a) exhibit, besides the residual

1 Due to the significant

bleaching signal, a transient absorption centered around 2040 cm"
overlap of both signals, the absorption band is better viewed in terms of a purely absorptive
product spectrum, i.e. after removal of the bleaching contribution by subtracting the inverted,
properly scaled FTIR spectrum of the parent complex from the transient spectra. The product
spectrum, shown in red in Figure 13(c), demonstrates the signal's peak frequency to be actually
located at 2045 cm™. Considering the spectral position, the absorption cannot be associated
with either of the two known photoproducts, [3,¢4] and [2], but rather indicates the formation
of another azide species. In addition, an assignment to the free azide anion can be excluded as
well, since its resonance band is located at a distinctly smaller frequency (2006 cm™). It has
to be mentioned that this signal remains unchanged over the entire available time range of the
pump-probe experiment up to 3.5 ns, but is absent in the earliest rapid-scan spectrum recorded
72.5 ms after photoexcitation. This implies a limited, but here not exactly determined lifetime
of the underlying species. Considering all this, the underlying species is presumably a long-lived
excited state of the parent complexes itself, [1]*. Judging by the integral ratio of absorption
and bleaching signal, and under the assumption that the v,5(N3) band has a similar absorption
strength in this excited state and in the ground state, it can be estimated that about a third of
the converted complexes are channeled into this state. This means, combined with the results
of the quenching experiments, that the photoconversion of [1] yields the three species, [1]*,
[2], and [3,eq] in roughly even amounts (1:1:1), all of which originate from TPA.

The nature of the excited state [1]* will be the topic of further discussion in section 5.3.
The next section, however, will be devoted to the elucidation of the primary events following

the photoexcitation of [1].

5.2.2 400 nm-Pump/1900-2100 cm™1-Probe Experiment

In detail, this section focuses on the consideration of a 3pJ, 400 nm-pump/1900-2100 cm™1-
probe experiment of [1], which allows an evaluation of the processes following SPA, since the
contributions of TPA are negligibly small at this low pump pulse energy. Transient spectra at
selected pump-probe delays are displayed in Figure 14 (corresponding spectra recorded after

12 puJ (high-energy), 400 nm excitation are given in Figure A5 in the appendix).
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Figure 14: (a) & (b) Transient 3 pJ, 400 nm-pump/1900-2100 cm™-probe spectra of [1] in
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room-temperature DCM solution at various pump-probe delays, as specified in the



legends. The gray areas represent the inverted, properly scaled, stationary FTIR spectrum of
[1]. Black numbers indicate peak positions in cm ™! and black arrows emphasize the spectro-
temporal evolution. (c) Band integrals of the transient bleaching (blue circles) and the transient
absorption (red circles) obtained by fitting of the individual transient spectra at each pump-
probe delay as superposition of a Lorentzian function and a log-normal distribution. Note
that the right ordinate applies to the former, the left ordinate to the latter data. The blue
and red line represent monoexponential fit functions. Colored, dotted lines emphasize the
respective zero line. The labeled, gray, dotted line highlights the half-life period of the decay.
(d) Bandwidth (purple circles) and peak frequency (green circles) of the transient absorption
obtained by the fits mentioned in (c). Note that the right ordinate applies to the former, the
left ordinate to the latter data. The colored lines represent biexponential fit functions. The
labeled, gray, dotted line highlights the half-life period of the VER (mean value of the two
fits).

Immediately after photoexcitation (7 = 0.25ps), a pronounced transient bleaching signal is
observed at a frequency of 2056 cm™!, coinciding with the absorption of the vas(N3) vibration
of [1]. This signal is the spectral manifestation of the depopulation of the ground state of
[1] due to promotion to an excited state under the absorption of a photon. These excited
complexes, for their part, give rise to a broad transient absorption band red-shifted compared

1 Again, the spectral position of

to the bleaching signal, having a maximum at 2021 cm’
this band evidences it to originate from a va5(N3) vibration mode. Moreover, its asymmetric,
broad band shape is characteristic of a manifold of vibrationally excited states, indicating that
parts of the pump energy are dispensed over the vibrational modes of the complex within the
time-resolution of the experiment.

In the following ca. 100 ps, both transient absorption and bleaching decline almost com-
pletely, demonstrating [1] to be highly photostable and returning fully to its equilibrium state
after single-photon excitation. The small permanent bleaching signal observed after this time
window, equivalent to a primary quantum yield of ® = 2.0%, is attributed to the processes
triggered by TPA, not fully suppressed at this pump energy (cf. section 5.2.1). The spectro-
temporal evolution within the first 100 ps can be subdivided into two stages. In the first
stage (Figure 14(a)) from 0.25 ps to roughly 16 ps, the transient absorption is subjected to a
pronounced spectral shift from 2021 cm™! to 2041 cm™! and strong decrease of its bandwidth,
both of which are typical signatures of a VER process. At the same time, both transient
absorption and bleaching decay to about half of their initial strength, indicating a recovery of
the ground state of [1]. The remaining half of the excited complexes undergoes GSR within
the second stage, starting at ca. 16 ps (Figure 14(b)), during which the band shapes of both
signals are nearly unaltered.

In order to quantify the underlying kinetics accurately, the individual transient spectra are
first fitted as superpositions of a Lorentzian function and a log-normal distribution, describ-
ing the transient bleaching and transient absorption, respectively. Figure 14(c) depicts the
temporal evolution of the band integrals, A(tr.bl.) and A(tr.abs.), obtained from these fits.
While the former integral is indicative of the degree of ground state depopulation at a given

pump-probe delay, the latter integral allows insight into the situation of the azido ligand in the
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excited state. This is because both bands originate from va5(N3) vibrations and the absorption
strength of this normal mode is largely preserved independently of the environment, but given
that the anionic character of the azide moiety is retained. In contrast, a neutral azidyl ligand,
possibly generated by a N3—Fe CT excitation, would not exhibit any absorptions in this spec-
tral region[118'120'403] and, thus, would decrease the value of A(tr.abs.). Yet, as it becomes
apparent from Figure 14(c), A(tr.abs.) is roughly as large as A(tr.bl.) at any pump-probe
delay. Hence, it needs to be concluded that the anionic azido ligand remains essentially intact
over the entire considered time frame.

Regarding the kinetics, the decays of A(tr.abs.) and A(tr.bl.), i.e. the GSR, are found
both to proceed strictly monoexponentially with time constants of 21.54+0.3ps and
20.0 +0.3 ps, respectively. The good agreement of both time constants and the shape stabil-
ity of the transient spectra during the second phase of their decay highly indicates the GSR
to proceed via a direct state-to-state conversion starting from a single excited state. As a
consequence, the final spectral position of the transient absorption at ca. 2046 cm™ can be
viewed as the resonance frequency of this excited state of [1]. Note that this band must not
be confused with the signature of the long-lived excited state observed after high pulse en-
ergy excitation, discussed in the previous section. Although both states have nearly the same
vas(N3) resonance frequency, their very distinct lifetimes identify them as different species.

The interpretation is (at the current state) in line with the work on complex [6] by Rury
and Sension, who attributed a process occurring with T = 18.5ps to a conversion from a
quartet d(Fe)—d(Fe) state to the ground state.[30% In contrast, Vura-Weis et al. assigned the
same process to a VER on the ground state surface.[377] However, this second interpretation
cannot be applied to explain the pump-probe spectra of [1] presented here for the following
reason: If the transient absorption band originated from the vibrationally, but not electronically
excited parent complex, the VER and the GSR would be directly connected. For its part, the
VER is characterized by the shift of the peak frequency 7g(tr. abs.) and the decrease of the
bandwidth w(tr.abs.) of the transient absorption. Both parameters can be extracted from
the same spectral fits as the band integrals mentioned above. Their evolutions are graphi-
cally represented in Figure 14(d) and can be described phenomenologically as biexponential
functions. Yet, to provide a straightforward comparison of their kinetics to those of the band
integrals, it is expedient to consider the half-life period, t1/2v of all processes. While, t1/2
= In(2) T = 14.4ps for the decay of the band integrals, the half-life period of the shift of
vo(tr.abs.) amounts to 3.4 ps and the change of w(tr.abs.) proceeds with ¢;,, = 2.3ps.
Thus, the VER is roughly a factor of five faster than the GSR, excluding a direct connection
of both processes.

Instead, the spectral shift and narrowing of the transient absorption are assigned to a
VER on the energy surface of an excited electronic state, since they take place within a time
frame in which the electronic ground state has not been significantly replenished yet. Although
another VER on the ground state surface subsequent to the electronic de-excitation cannot

be excluded here (and is in fact likely), this process can be expected to occur at a similar
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rate as the VER in the upper electronic state. As a consequence, it could not be observed
independently by means of the experiment employed here.

Finally, it remains the question regarding the nature of the excited state decaying with a
time constant of ca. 20 ps. Answering this question is hardly possible by means of vibrational
spectroscopy only, but requires the application of a method more sensitive to the electronic
structure. For this reason, complementary Vis-probe spectra will be presented and considered

in the following section.

5.2.3 400 nm-Pump/Vis-Probe Experiment

Just like in the mIR-probe experiments, 400 nm-pump/Vis-probe spectra recorded at late de-
lays (> 100 ps) show a pronounced dependence on the energy of the pump pulse. Permanent
transient signals persisting for at least 3.5ns, as displayed in Figure A12(a) in the appendix,
are observed only for high pulse energies. Not surprisingly, the spectrum matches the one
reported by Sension et al. for photolysis of [6] under comparable conditions.[369] Again, the
signal strengths are found to increase proportionally with the pump pulse energy when refer-
enced against the amplitude of the initial signals (cf. Figure A12(b)), verifying their origin to
be TPA.

As before, the evaluation will be focused on excitations with pump pulses of low energy,
causing TPA to be negligible. Transient Vis-spectra following 8 pJ, 400 nm excitation are
presented in Figure 15. Note that, due to the larger diameter of the pump pulse in the Vis-
probe setup compared to this of the mIR-probe setup (ca. 0.9 mm vs. ca. 0.5 mm), the energy
densities applied in both experiments are roughly equivalent. The transient spectra at delays
immediately after photoexcitation are characterized by an intense negative signal at 415 nm,
arising from the bleaching of the parent’'s B-band, and a strong transient absorption peaking
at roughly 450 nm. Moreover, the Q-band region up to the nIR is covered by net-positive
differential optical density, featuring indentations corresponding to the bleaching contributions
of the ground state of [1]. Remarkably, the early transient spectra are essentially independent
of the excitation wavelength, as demonstrated in Figure All, which shows complementary
spectra following 266 nm, 355 nm, and 510 nm excitation. A priori, it is expected that excita-
tions using different photon energies yield initially distinct spectra, as different excited states
are populated. Hence, the invariance of the early spectra w.r.t. the photon energy implies
that all originally excited states relax within the time resolution of the experiment to the same
energetically lower state, responsible for the observed spectra after 0.1 ps.

The subsequent evolution can, as before, be divided into two phases: A first phase ranging
from 0.1 ps to ca. 16 ps, in which significant shifts of the band maxima and decay of the sig-
nals take place (Figure 15(a)), and a second phase, in which the decline continues, yet, under
shape stability of the spectra, as emphasized by the presence of several isosbestic points (Fig-
ure 15(b)). However, compared to the 1900-2100 cmL-probe spectra, a larger fraction of the
signal decay occurs already within the first phase. More precisely, both the B-band bleaching
and the absorption band in the Q-band region decline to about 3/4 within 16 ps, whereas the
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Transient 8 pJ, 400 nm-pump/Vis-probe spectra of [1] in room-temperature DCM

solution, at various pump-probe delays as specified in the legends. (a) Early de-
lays (0.1-16 ps), (b) late delays (16-119ps). Note that the energy density of the
pump pulses applied in this experiment is roughly equivalent to that of the 1900-
2100 cmL-probe experiment, due to a larger beam diameter at the position of the
sample. The gray areas represent the inverted, properly scaled, stationary UV-Vis
spectrum of [1]. Black numbers indicate peak positions in nm, black arrows em-
phasize the spectro-temporal evolution, and asterisk label isosbestic points. Note
that the scaling of the ordinate changes above a wavelength of 500 nm.

signals in the mIR regress only to roughly 1/2 within the same time. After ca. 100 ps, the

electronic ground state is replenished almost completely, except of some minor signals, again
attributed to the pathway following TPA.

Due to the multitude of strongly overlapping signals in the Vis-region, an analysis of the

kinetics by first applying a simple regression model to the transient spectra, followed by an

evaluation of the fit parameters in the time domain, as conducted for the 1900-2100 cm L

probe spectra, is not feasible here. Instead, the kinetic traces at all probe wavelengths are

fitted and evaluated individually. Most kinetic traces turn out to be well described by a
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Table 1: Bi- or triexponential fit parameters
of selected 8pJ, 400 nm-pump/Vis-
probe kinetic traces of the [1] in

room-temperature DCM solution.

M Amop©); T/ AmOD(c0)

nm ps

733 150 077 03
30 151

720 146 068 04
03 225

680 149 062 02
20 215

598 191  0.84 02
41 166

553 165 21 02
87 108

53 76 119 03
81 306

504 115 032 08
23 42
85 243

451 454 17 13
371 172

436 407 009 05
634 15
718 227

414 1257 073 94
954 164
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biexponential fit function, while a minority, falling into regions around the shifting maxima,
requires a triexponential description. Some exemplary kinetic traces are depicted in Figure 16
and their fit parameters are listed in Table 1. (A summary of the fit parameters of all traces is
given in Figure A13 in the appendix.) In general, the obtained time constants are distributed
mostly within two distinct ranges between 0.6 ps and 1.0 ps and between 13 ps and 30 ps.
The latter match qualitatively the time constants extracted from evaluation of the transient
vas(N3) signals. Yet, as opposed to the publication on the photolysis of [6], in which "well
defined exponential decay components'[369] are reported, indicating the occurrence of direct
state-to-state conversions only, the individual time constants found here are largely spread.
This finding underpins the assumption that the excited complexes are subjected to VER, at
least within the first few picoseconds, during which the spectra lack isosbestic points.

In order to obtain a better view on the properties of the excited complexes, purely absorp-
tive product spectra are calculated and displayed in Figure 17. These spectra are generated
under the assumption that the GSR takes place monoexponentially with a time constant of
20.7 ps (cf. section 5.2.2). As emphasized in Figure 17(a), the product spectrum consists of
a single, structureless band, maximal in AOD at about 425nm but reaching up to the nIR
during the early delays (< ca. 2ps). Within this time window, the absorbance in the B-band
region increases at the expanse of absorbance in the Q-band region. In total, this means a
blue-shift of absorption strength, which is characteristic of a vibrational cooling process.

Roughly estimated from the shifts of the maxima in the transient Vis-spectra, the VER has
a half-life period of 1-2 ps, which is smaller than the value extracted from the 1900-2100 cm™1-
probe spectra. At first glance, it might seem counterintuitive that the VER of the same
complex occurs at different rates depending on the considered spectral region. Yet, it shall be
reminded that the spectral narrowing and frequency upshift of a monitored absorption band
of a high-energy transition is caused by the coupling to highly excited, but gradually relaxing
low-frequency vibrational modes. However, these various modes transfer their excess energy
to the solvent at distinct rates. Since the electronic B- and Q-excitations and the vas(N3)
vibration of [1] are likely to be coupled to different low-frequency vibrations, the rates of VER
extracted from probing their individual resonance bands are non-uniform.

It is worth mentioning that both references [369] and [377] attribute the process occuring
within 1-2ps to a conversion from a por—Fe CT state to a lower-lying electronic state in-
stead (for [6]). In fact, the weakened B-band and increased absorbance in the Q-band region
are features which indicate, according to the criteria suggested by Holten et al. (cf. section
2.2.4),[299'300] the presence of such a LMCT state. Still, due to the influence of the VER
occuring on this timescale, it is infeasible to revise, whether there is an additional conversion be-
tween electronic states taking place simultanuously, by inspection of the transient Vis-spectra
recorded here. However, the monoexponential progressions of the transient signals in the
1900-2100 cm™1-probe spectra imply that only a single, excited electronic state is monitored

in that experiment. Hence, the lifetime of any higher-lying states, if populated at all, must be

62



400 ¥ T ¥ ¥ T ¥ T ¥ T ¥ T Y T
I Delay / ps 460
0.10 1.96
N 300 0.28 4.10 >
o ' 6.20 440 S
£ 200 1.00 3
3 | :
100 20
0 2 1 2 2 1 2 1 2 1 2 1 2 1 0
400 450 500 550 600 650 700 750
Wavelength / nm
(a) 0.10ps < 7 < 6.2ps.
400 v | v v | v 1 v | . | v ] 50
i Delay / ps 1
6.20 32.2 140
A 300 8.21 41.5 - o>
®) [ 12.753.4 430 >
£ 200 F 75.9 3
< , 119 420 O
< ool 26.3 o
N A 11 O
0 B e NI A e I BT T T e v Lo Do T o iR v Y TR 0
400 450 500 550 600 650 700 750
Wavelength / nm
(b) 6.2ps < 7 < 119ps.
300 - ] v ] ] ] 1 ] ] 50
A !
Q calc. spectra: 14°
£ 200} sextet 130
o quartet
doublet o
100 420 =
1 3
410 O
1 O
0

0 2 1 2 1 2 2 1 n
350 400 450 500 550 600 650 700 750
Wavelength / nm

(c) Averaged product spectrum (7 = 10-15 ps) and calculated spectra of d—d states of [1].

Figure 17: (a) & (b) Product spectra obtained from the 8 pJ, 400 nm-pump/Vis-probe spectra
of [1] in room-temperature DCM solution, at various pump-probe delays as specified
in the legends. The gray area respesents the properly scaled, stationary UV-Vis
spectrum of [1]. (c) Product spectrum averaged over pump-probe delays from
10 ps to 15ps (gray area) and properly scaled, TD-DFT-predicted spectra of the
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lowest sextet, quartet, and doublet state of [1] (colored lines), as specified in the legend. Note
that the scaling of the ordinate changes above a wavelength of 500 nm.

limited to the time resolution of the mIR-probe setup of 200fs, which is much smaller than
the lifetime of the LMCT state proposed in the literature (2.3 ps[369]; 1.13 ps[377]).

After ca. 6 ps, the product spectra are stable in shape and decline completely within tens
of picoseconds, as shown in Figure 17(b). These spectra feature distinct signals in the Q-
band region and match essentially the stationary UV-Vis spectrum of the parent complex, yet
red-shifted by roughly 10 nm. Based on this trait and following Holten's criteria, Rury and
Sension assigned the underlying state to an iron-centered d—d state, presumably the lowest
quartet state of the parent complex (there: [6]). However, as shown in Figure 17(c), TD-DFT
calculations of complex [1] in different spin states predict both the lowest quartet and doublet
state (both are d(Fe)—d(Fe) states) to exhibit each a B-band blue-shifted compared to that
of the sextet ground state, as opposed to the proposal by Holten et al.. Furthermore, their
computed absorption spectra in the Q-band region are qualitatively in disagreement with the
experimental product spectrum on this timescale. Hence, an assignment of the underlying
species to either of these states appears inadequate.

Having the d(Fe)—d(Fe) states excluded, the question arises, which alternative excited
state of [1] is responsible for the absorption bands present at timescales of tens of picosec-
onds. In principle, there are three possible candidates, the first of which are vibrationally
excited states, already suggested by Vura-Weis et al..1377] However, this option has already
been rejected in the argumentation in section 5.2.2. Considering excited electronic states,
porphyrin-centered m(por)—m*(por) states and por—Fe CT states come into question. Un-
fortunately, an assessment of the spectral signatures of these states by means of computational
chemistry is impeded by the high demand of excited state calculations. Nevertheless, there are
two arguments in favor of an association with a mt(por)—m*(por) state: First, the TD-DFT
calculation of [1] predicts the degenerated roots 1 and 2 to be Q(n—*) states, located
below an energy of 10000 cm™. In contrast, the por—Fe CT states lowest in energy are root
3, 4, and 5, located roughly at 15000 cm™l. Hence, it is more likely that [1] resides longest in
the less energetic Q(mt—m*) states before returning to the ground state. This idea complys
with Kasha's rule,[404 which rests on the assumption that the lifetime of the lowest excited
electronic state of a given spin multiplicity is much larger than those of higher excited states.
Second, Vura-Weis and coworkers found in their XUV-probe experiments rather weak tran-
sient signals on this timescale.377] This indicates the underlying excited state to have an iron
center in the same oxidation state as the ground state. While (pure) n(por)—m*(por) states
fulfill this criterion, a por—Fe charge transfer lowers the oxidation state of the iron center by
one. Based on these arguments, the product spectrum shown in Figure 17(c) is assigned to a
6Q(n—m*) state, the first (and second) excited sextet state of [1], and the exponential decay
component of 20.7+0.3 ps to the GSR from this state.
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5.2.4 De-excitation Scheme

At this point, the results on the processes following single-photon excitation of [1] shall be

summarized briefly. These findings are illustrated in the form of a de-excitation scheme in Fig-

ure 18 and compared to the previously proposed schemes (for the analogous chlorido complex

[6]) there.

400 nm excitation of [1] promotes the complex from its ground state into the porphyrin-
centered OB(m—*) state (root 23 and 24 in the TD-DFT calculation). Due to the invariance

of even the earliest Vis-probe spectra on the excitation wavelength, it can be concluded that

[1] converts from the ®B(m—w*) state and other high-energy states within less than 100 fs to

the same lower-lying state. Whether this conversion proceeds via interjacent excited states,

as suggested by Rury and Sension, 1309 cannot be verified here because of the limited time

resolution of the applied experiments.
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Figure 18:

De-excitation scheme of [1] following SPA developed in this work (blue box). Hor-
izontal lines symbolize electronic states of [1], assigned by the adjacent labels, and
colored areas represent multitudes of vibrational states, in a qualitative energy level
diagram. The numbers in curly brackets indicate the corresponding roots from
the TD-DFT calculation. The blue arrow represents the excitation triggered by a
400 nm-photon. Other colored arrows represent de-excitation processes. Their la-
bels specify their time constants or half-life periods (in parentheses). Color coding:
green - directly observed in this work, red - indirectly derived from the experimen-
tal data, orange - not evidenced but highly likely. Dotted arrows represent the
de-excitation pathways suggested previously by Rury and Sension (light gray)[369]
and Vura-Weis et al. (dark gray)l377] for analogous complex [6].

From 200fs on, both the transient absorption and bleaching band associated with vas(N3)

vibrations decline strictly monoexponentially to zero, implying a direct and complete state-to-

state conversion from a single excited state to the ground state. This excited state exhibits
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a Vis spectrum similar to that of the ground state, but red-shifted by ca. 10nm, a va5(N3)
resonance band at ca. 2046cm™!, and decays with a time constant of 75 = 20.7+0.3ps
(half-life period: 14.4 ps). Moreover, the pronounced blue-shifts and spectral narrowing of the
transient absorptions in both the mIR- and the Vis-probe spectra evidence the occurrence of a
vibrational energy relaxation. The half-life period of this process falls into a range from 1.0 ps
to 3.5 ps. Since this process is much faster than the GSR, it is concluded that the VER takes
place on the potential energy surface of an excited electronic state. This interpretation is
opposed to the previous work on [6] by Vura-Weis et al., who proposed the electronic ground
state to be replenished already after ca. 2 ps and assigned a decay component of ca. 20 ps to
a VER on the ground state energy surface. In fact, another VER on the ground state energy
surface cannot be excluded here and is indeed very likely. Yet, it occurs presumably with a
rate similar to that of the VER in the excited electronic state, and, hence, cannot be tracked
here.

The monitored excited state, present on timescales of a few tens of picoseconds, is assigned
to the lowest excited sextet state of [1], a porphyrin-centered ®Q(t—m*) state (root 1 and 2).
The alternative assignment to an iron-centered d—d state, suggested by Rury and Sension, [369]
is rejected here, because the TD-DFT-predicted Vis absorption spectra of the lowest quartet
and doublet (d(Fe)—d(Fe)) states of [1] are in stark disagreement with the experimental
product spectrum. Also, no evidence for the population of a por—Fe CT state (e.g. root 3)
during the first 1-2 picoseconds, as proposed in both references [369] and [377], is obtained in
this work. Therefore, this state is not included in the de-excitation model developed here. If
such a LMCT state is intermediately populated, its lifetime must be below the time resolution
of the mIR-probe experiment (200fs), because its presence and conversion to the lower-lying

6Q(n—m*) state would manifest themselves in the transient mIR spectra otherwise.

5.3 Electronic Structures of the Photoproducts — High-Energy

Excitation

5.3.1 400 nm-Pump/1410-1500 cm™1-Probe and -1550-1620 cm™1-Probe

Experiments

Up to this point of this work, the investigations on the photolysis of [1] have been focused
on detection of either the visible spectral range or the va5(N3) resonance band in the mid-
infrared. These experiments yielded valuable insight into the ultrafast processes following the
photoexcitation and the chemical nature of the products. Despite that, they did not allow
any conclusions concerning the electronic structure of the generated photoproducts. In order
to gather information in this regard, measurements of different probe regions in the mIR had
to be conducted. As mentioned in section 2.2.4, m-radical porphyrins exhibit characteristic
absorption bands at either ca. 1280 cm™ or ca. 1550 cm™!, depending on the symmetry of the
SOMO. Moreover, the vg1(por) resonance band located around 1340 cm™! functions as spin

state marker of the iron center, given that the porphyrin ligand has a closed-shell configuration.
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Hence, probing in the spectral region from 1250 cm™ to 1650 cm™ appears to be a promising
approach.

If not mentioned otherwise, all pump-probe experiments discussed in this and the following
sections were performed using pump pulses of high pulse energy, since photoproducts were
demonstrated to be formed in detectable amounts only under this condition.

Figure A6 in the appendix displays 12 pJ, 400 nm-pump/mIR-probe spectra in the ranges
from 1410 cm™ to 1500 cm™ and 1550 cm™ to 1620 cm™.. Despite the high pump pulse energy,
all transient signals observed in these ranges decline essentially to zero within ca. 100 ps. This
finding is not surprising, because all bands of [1] in this region are associated with normal
modes centered at the phenyl rings, which are insensitive to the changes occurring at the
iron center and axial ligand upon photoexcitation. Besides those features, no transient signals
were found in the spectral range from 1370cm™ to 1850 cm™! within delays up to 3.5ns. In
particular, an absorption band at ca. 1550 cm™, indicative of an aj,-type T-radical, has not
been detected. The absence of such a signal is not unexpected either, since complexes of tpp%”
are known to favor the ap-radical configuration (cf. section 2.2.3).

In contrast, measurements in the range from 1240 cm™! to 1370 cm™! revealed themselves
to comprise some intriguing spectral features, which will be the topic of discussion in the rest

of this section.

5.3.2 400 nm-Pump/1300-1370 cm 1-Probe Experiment

Transient 16 pJ, 400 nm-pump/1300-1370 cmL-probe spectra of [1] are displayed in Figure
19(a). Immediately after the impact of the pump pulse, three transient signals are observed: A
bleaching band centered at 1340 cm™, coinciding with the peak frequency of the strongest sig-
nal of [1] in this region, and two overlapping transient absorptions at 1312 cm™! and 1328 cm'L.
In addition, as the negative signal is much narrower than the stationary absorption band of
[1], it is clear that both transient absorptions overcompensate the bleaching contribution in
the region below 1335cm™. While these spectral features change only slightly during the first
few picoseconds, a pronounced decay of all three signals is observed on timescales of tens
of picoseconds, which is completed after ca. 100 ps. Thereafter, the spectra remain essen-
tially unchanged up to 3.5ns. Again, the temporal evolution of these spectra is quantified by
multiexponential fits of all individual kinetic traces, here within the range from 1306 cm™ to
1350 cm™ and 0.1 ps to 500 ps. Selected kinetic traces and fit functions are depicted in Figure
19(c), and the fit parameters of all kinetic traces are listed in Table A3. In brief, the obtained
time constants fall into three regions. First, a small time constant of < 3 ps, which is found for
traces in the range from 1330 cm™ to 1345 cm™L. In this region, the transient absorption origi-
nally peaking 1328 cm™! is subjected to a small spectral shift towards 1331 cm™. The shift and
the time constant describing its effect on the kinetic traces are attributed to the VER already
discussed in the previous sections. Second, the decline of the bleaching signal and the absorp-
tion at 1331 cm™! occur with time constants in the range from 17 ps to 35ps, i.e. at roughly

the same rate as the internal conversion from the 6Q(n%n*) state to the ground state, and,
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hence, are assigned to this process. Interesingly, the low-frequency band centered at 1312 cm™!
decays with a distinctly smaller time constant of 9-14 ps. The occurrence of this new time
constant indicates that the underlying process is not included in the de-excitation scheme de-
veloped for SPA of [1] in section 5.2.4. In fact, in a complementary pump-probe experiment

using 3 pJ (low-energy) pump pulses, cf. Figure A7, the band at 1312 cm™! is essentially absent,
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Figure 19: (a) Transient 16 uJ, 400 nm-pump/1300-1370 cm™!-probe spectra of [1] in room-
temperature DCM solution at various pump-probe delays, as specified in the legend.
The gray area represents the inverted, properly scaled, stationary FTIR spectrum of
[1]. Black numbers indicate peak positions in cm ! and black arrows emphasize the
spectro-temporal evolution. (b) Ratio of the amplitudes of the residual transient
absorption band (AOD(1344 cm™, 200 ps, Epump)) and the initial bleaching signal
(AOD(1340 em™l, 1ps, Epump)) in dependence on the energy of the pump pulse
(gray crosses) and proportional fit function (black line). (c) Kinetic traces at various
frequencies as specified in the legend. Circles and solid lines represent experimental
data and (multi)exponential fit functions, respectively. For clarity, the individual
traces are vertically shifted. The zero line of each trace is indicated by a dotted
line.
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whereas the other spectral features remain unchanged. Thus, it can be assumed that this
band originates from a transient species generated by TPA and having a different lifetime than
the ©Q(m—*) state populated by SPA. Besides those signals, another transient absorption is
found at 1344 cm™, which emerges from the declining bleaching signal and persist until the
end of the considered delay range of 3.5ns (dark blue kinetic trace in Figure 19(c)). Although
a slight decrease of AOD at this frequency after 500 ps might imply a finite lifetime of the
underlying species, the limitation to the measured temporal window does not allow a verifi-
cation of this hypothesis. Just like all residual transient absorptions detected previously, this
signal is absent in transient spectra recorded after low-energy excitation (see Figure A7). As
before, the origin of the signal is assigned to either SPA or TPA by investigation of its am-
plitude, AOD(1344 cm™L, 200 ps, Epump), compared to the amplitude of the initial bleaching
signal, AOD(1340 cml 1ps, Epump). The ratio of the two differential optical densities, & 1
(cf. Equation (39)) is plotted against the applied pump pulse energy in Figure 19(b). Again,

the proportional correlation confirms the origin of the responsible species to be TPA.

AOD(1344 cmt, 200 ps, Epump)
AOD(1340cm™, 1ps, Epump)

R1= (39)
This band’'s most striking property is its high absorption strength. Given that the initial
bleaching signal in this region has an estimated amplitude of ca. -2 AmOD and ® is roughly
8% at 16 pJ, 400 nm excitation, the residual bleaching signal after 150 ps has an amplitude of
ca. -0.16 AmOD. However, a negative contribution of this magnitude is not observed in the late
transient spectra, as it is entirely overcompensated by the transient absorption. Moreover, in
spite of the mutual compensation of both signals, AmOD reaches a value of +0.4 at 1344 cm™.
Thus, it must be concluded that the signal strength of the transient absorption exceeds that
of the parent’s residual bleaching band by more than a factor of three. An assignment of this

extraordinary absorption band will be provided in section 5.3.5 and 5.3.6.

5.3.3 400 nm-Pump/1240-1310 cm1-Probe Experiment

Pump-probe spectra of [1] in the region from 1240 cm™! to 1310 cm™?, likewise recorded after
16 pJ, 400 nm excitation, are reproduced in Figure 20(a). Note that this experiment had to be
conducted in deuterated DCM because this spectral region is obscured by a solvent absorption
in DCM of natural isotope distribution. In general, deuteration of the solvent molecules
can change the rate of energy transfer between them and the solute significantly.[149'405'406]
Hence, the kinetics extracted from this experiment might deviate from those of the previous
measurements. However, a complementary 1300-1370 cm™t-probe experiment in DCM-ds,
whose results are summarized in Figure A8 and Table A4 in the appendix, reveals the spectro-
temporal evolution in both solvents to proceed with nearly identical rates.

As shown in Figure 20(a), although [1] exhibits each a weak absorption band at 1299 cm™
and 1261 cm!, a bleaching signal is only observed at the former frequency. This is because

the low-frequency bleaching contribution is overcompensated by an approximately twice as
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strong transient absorption, giving rise to a net-positive feature maximal at 1265cm™. Just
as the signals in other probe regions, both this absorption and the parent's bleaching signal
decay within tens of picoseconds. Yet, no measurable shift of peak positions indicative of
VER is found in these spectra. At the same time as the initial signals decline, a new transient
absorption emerges around a frequency of 1282 cm™, reaches its final strength after ca. 100 ps

and persists for delays of at least 3.5 ns.
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(a) Transient spectra. (b) Kinetic traces.

Figure 20: (a) Transient 16 pJ, 400 nm-pump/1240-1310 cmL-probe spectra of [1] in room-
temperature DCM-d, solution at various pump-probe delays, as specified in the
legend. The gray area represents the inverted, properly scaled, stationary FTIR
spectrum of [1]. Black numbers indicate peak positions in cm™ and black ar-
rows emphasize the spectro-temporal evolution. (b) Kinetic traces of the signals
peaking at the spectral positions stated in the legend. The integrals (circles) were
determined by fitting of the individual transient spectra as a superposition of four
pseudo-Voigt functions of fixed shape (see also Figure A9, Table A5, and Table
A6). The lines represent monoexponental fit functions.

In order to describe the temporal evolution of these signals accurately despite the small signal-
to-noise ratio, the individual transient spectra are fitted by a superposition of four pseudo-
Voigt functions of fixed shape and position, obtained by the following procedure: First, the
stationary FTIR spectrum of [1] is described by two functions, whose relative amplitudes are
fixed in the following. Second, purely absorptive product spectra are calculated, as already
described in section 5.2.1. In doing so, the spectra in the temporal windows from 0.1 ps to
2.0 ps and 150 ps to 3.5 ns, showing the initial and the final absorption band at 1263 cm™ and
1282 cm™!, respectively, are averaged to improve the signal-to-noise ratio. This proceeding
appears justified because the changes during these time frames are sufficiently small. Both
product spectra are fitted as pseudo-Voigt functions as well. All three spectra, including
regression functions, are shown in Figure A9 in the appendix and the fit parameters are listed

in Table A5. The integrals of these functions obtained by fitting of the transient spectra for
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all recorded pump-probe delays are displayed in Figure 20(b) and fitted as monoexponential
functions for their part. (Application of biexponential functions does not result in a significant
improvement of the description.) Again, the GSR is found to occur with a time constant
of 20.6 0.9 ps, consistent with the analyses of other probe regions. Likewise, the transient
absorption at about 1263cm™! decays at a similar rate (7 = 17.0£0.7 ps) and is therefore
assigned to a resonance band of the 6Q(Tt—>1'l:*) state. In contrast, the band peaking at
1282 cm! rises with a distinctly larger time constant of 27.3 £ 0.9 ps, implying this process to
be unconnected to the GSR. Thus, the underlying species is presumably a product generated
by TPA. Similarly to the transient absorption found at 1344 cm™, this signal is strikingly strong
compared to the expected residual bleaching after 100 ps and appears to decay on timescales
of many nanoseconds.

A product spectrum averaged over the delay range from 150 ps to 3.5ns, incorporating
all three residual transient absorptions observed after high-energy excitation (at 1282cm™,
1344cm™, and 2045 cm'l), is displayed in Figure 21. This spectrum was corrected for the
adulterating effect of different energies of the applied pump pulses in the measurements of the
three individual probe regions. Moreover, the spectrum is converted from the differential optical
density to estimated extinction coefficients, ¢(est.), based on a comparison to the amplitude
of the residual vas(N3) bleaching signal after 16 uJ excitation, and under the assumption that
exactly one of the three primary product complexes ([1]*, [2], and [3,e4]) is responsible for each
signals. (Conveniently, the three product complexes are formed in nearly equivalent amounts,
cf. section 5.2.1.) Given that this prerequisite is correct, resonance bands of presumably
porphyrin-centered vibrational modes exhibit extinction coefficients of around 2000 M1 ecm™L.
The reason for the unusually large absorption strengths of these signals and their assignment

requires a deeper consideration, given in the following sections.
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Figure 21: mIR product spectrum of the photolysis of [1] with 16 pJ, 400 nm-pump pulses in
room-temperature DCM-dy (left panel) and DCM solution (central & right panel),
averaged over pump-probe delays from 150 ps to 3500 ps. The numbers indicate
peak positions in cm™.
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5.3.4 Notation of Electron Configurations

In the upcoming evaluation, different electronic structures of metalloporphyrins will be consid-
ered, including porphyrin ligands having a closed-shell, m-radical or triplet configuration (cf.
section 2.2.3). In order to distinguish the various structures, a specification of the overall spin
multiplicity of a complex is not sufficient anymore. For example, there are five fundamentally
different configurations giving rise to an overall quartet state of [1], schematically displayed in
Figure 22:

o an intermediate-spin iron(+!11) (d®) center and a closed-shell porphyrindiido ligand

o a high-spin iron(+11) (d°) center and an antiferromagnetically coupled m-radical por-

phirinidyl ligand

o+ an intermediate-spin iron(+11) (d°®) center and a ferromagnetically coupled m-radical

porphirinidyl ligand

+ a high-spin iron(+I111) (d5) center and an antiferromagnetically coupled triplet por-
phyrindiido ligand

o a low-spin iron(+I11) (d®) center and a ferromagnetically coupled triplet porphyrindiido
ligand
g — 6o — @
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Figure 22: Schematic energy level diagrams of the frontier orbitals of [1]. The individual panels
show different electron configurations of an overall quartet multiplicity. Harpoons
pointing upwards and downwards represent a- and [-electrons, respectively. The
label in the top right of each panel represents a shorthand notation. The lower
right panel assigns the energy levels to molecular orbitals.

To differentiate between these structures properly, a set of two numbers is introduced here,
S(FeX) and S(por), stating the number of unpaired electrons localized at the iron atom and its
axial ligand (X), on the one hand, and the porphyrin ligand, on the other hand. The spin cou-

pling of the two moieties is given by the signs of these numbers: ferromagnetic coupling if the

72



signs are identical, antiferromagnetic coupling if they are opposite. Hereafter, these numbers
will be written in parentheses behind the complex as the following: [complex]($(FeX),S(por)).
For example, the five structures listed above are abbreviated as [1](3,0), [1](4,-1), [1](2,1),
[1](5,-2), and [1](1,2), respectively.

In order to classify an electronic structure calculated by a DFT method, $(FeX) and $(por)
can be estimated by means of a population analysis (here, the Léwdin method was applied).
This analysis assigns a (fractional) number of unpaired electrons, s.(i), to each atom i. The
computed numbers of unpaired electrons at the iron atom and axial ligand, S.(FeX), and the
porphyrin ligand, S.(por), are obtained by summation of s.(i) over the corresponding atoms
according to Equations (40) and (41). Note that only the atoms of the porphyrin ligand
contributing to its extended m-system are included in the definition of S.(por), i.e. its carbon

and nitrogen atoms, but neither the hydrogen atoms nor the atoms of the phenyl rings.

axial ligand
Se(FeX) = se(Fe) + > seli) (40)
(3
C,N(por)
Se(por) = Z s¢(7) (41)
(3
Strictly speaking, another distinction could be made between the ap,- and the aj,-type of
mi-radical and triplet porphyrin ligands, which cannot be expressed by this notation scheme.
Nevertheless, since all complexes considered here are meso-tetraphenyl-substituted, they will
be assumed to adopt exclusively the ap,-type in both open-shell cases in the following. In
fact, in all DFT calculations of m-radical and triplet porphyrin structures, the ap,-orbital is
singly occupied rather than the aj,-orbital (given that this distinction is feasible, see below).
Moreover, the energetically lowest possible configuration of d-electrons at the iron center will

be assumed for each local spin state.

5.3.5 Quantum Chemical Calculations & Interpretation — Part 1: m-Radical
Porphyrin States

As discussed in previous sections, the following newly formed species are present in the so-
lution within the time frame from 100ps to 3.5ns after two-photon excitation of [1]: N3,
N2, [3red]. [2], and [1]*. The IR-spectra of the former three molecules are experimentally
known and do not include strong spectral features at frequencies in the range from 1250 cm™
to 1400 cm-! [118,120,195,403,407] Regarding [2], DFT-predicted spectra of its global minimum
structures in different spin states (doublet, quartet, and sextet, shown in Figure 24) do not
comprise absorption bands comparable to the experimentally observed ones, either. In fact,
the absorption strengths of both [2] and [3,eq] (see Figure 25) in this spectral region are pre-
dicted to be even lower than the absorption strength of [1] (see Figure 23), which originates
partially from the vs(N3) vibration absent in both product complexes. The possibility of [1]*

being responsible for the signals at issue will be considered in the following.
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According to the literature, the presence of a pronounced absorption band in a very nar-

row spectral window around a frequency of 1280 cm™ indicates the formation of a complex

having an ap,-type m-radical configuration (cf. section 2.2.4). For example, the product of the

one-electron oxidation of chlorido complex [6] is the m-radical complex chlorido(5,10,15,20-
tetraphenylporphirinidyl)iron(+111), [Fe™"!(tpp)(CI)]T ([60x]), which consists of a high-spin

iron center and an antiferromagnetically coupled tpp®-ligand, i.e. [60x](5,-1), and absorbs

strongly at 1280 cm
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While this hints towards an explanantion of the low-frequency absorption, the signal observed

at 1344 cm!

is located far beyond this characteristic spectral window and, hence, cannot be

explained by an ap,-type m-radical complex. As a matter of fact, no reports regarding an

outstandingly intensive absorption band of metalloporphyrins in this spectral region could be

found. However, a careful inspection of the previous studies on the IR-spectra of m-radical

metalloporphyrins reveals all complexes considered there to bear metal ions in an oxidation
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Figure 25: Upper panel: mIR product spec-

trum of the photolysis of [1]
with 16 pJ, 400 nm-pump pulses
in room-temperature DCM/DCM-
dy solution, averaged over delays
from 150 ps to 3.5ns. Other pan-
els: DFT-predicted IR absorption
spectra of [3,eq](1,0) (n = 0, 2,
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tained by convolution of the stick
spectra with a Lorentzian function
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Note that the calculated spectra
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trum of the photolysis of [1]
with 16 pJ, 400 nm-pump pulses
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state of either 11 or +111.[247,274,285,286,290,293,331,332,408,409] Aq opposed to that and to the
best of the author's knowledge, the IR spectra of high-valent metalloporphyrins have not been
reported so far. Thus, it is unknown which effect an increase of the oxidation state of the iron
center above +IlI might cause.

In order to investigate this issue, additional DFT calculations are performed, as described
in detail in section 8.5. First, it is verified that the employed level of theory is capable of
reproducing the known IR spectrum of complex [6ox] reasonably. In agreement with the ex-
perimental finding, the theory predicts the (5,-1) (ap,-type m-radical) configuration to be the
electronic ground state of the complex. At the same time, the calculated spectrum of [6](5,-1),
displayed in Figure 26, features a pronounced signal in the expected spectral region.

Having confirmed the theory to be reliable in this regard, the calculations are extended to
the high-valent oxidoiron(+IV) complex [7], which is likewise known to be a T-radical.[57:410]
DFT predicts the (2,-1) configuration of [7] to be the electronic ground state and yields an
IR absorption spectrum as shown in Figure 26 (similar spectra are obtained for the alternative
configurations, (2,1), (4,1), and (4,-1), as demonstrated in Figure A14). And in fact, complex
[7] is predicted to exhibit a pronounced absorption band at 1378 cm™, instead of a signal
around 1280 cm™L.

At this point, a short explanation about the reason for the remarkable difference between
the predicted IR spectra of [7] (iron(+IV)(tpp®")) and [60x] (iron(+!11)(tpp®)) seems requi-
site. According to reference [286], the symmetry of the porphyrin’s SOMO dictates, which
vibrational mode of a m-radical metalloporphyrin will be subjected to an increase of absorption
strength. As shown in Figure 27, the SOMO of [6¢x] is a typical ap,-orbital, known from the
Gouterman model, which gives rise to an intense band at 1280 cm! according to that work.
In contrast, the SOMO of [7] can neither be identified as pure ap,- nor as pure aj,-orbital.
In fact, the mt(por) spin orbitals of [7] around the HOMO-LUMO gap in both the a- and the
[-subset adopt the shapes of 'twisted’ a7, and ap,-orbitals, indicating a substantial mixing of
both orbital. This finding can be explained as follows: With increasing oxidation state of the
iron center, the energy of the ap,-orbital decreases, as it has large orbital lobes towards this
atom. In contrast, the energy of the aj,-orbital remains nearly unchanged, because its nodal
planes intersect at the iron atom. At the high oxidation state of +IV, the normally higher
lying ap,-orbital is lowered in energy to an extent, that causes both orbitals to be almost
degenerated. This situation forces the complex to undergo a pseudo-Jahn-Teller distortion,
giving rise to a pattern of alternatingly increased and decreased bond lengths in the porphyrin
backbone (see Figure A15 in the appendix) and a mixing of the ap,- and the ay,-orbital to
new orbitals of lower symmetry. In this distorted structure, the displacement vectors, reso-
nance frequencies, and absorption strengths of the vibrational modes vary from those of more
symmetric m-radicals like [6ox], yielding the noticeably different absorption spectrum. Yet, a
simple correlation between the displacement vectors of the affected normal mode and the nodal
planes of the SOMO, as suggested in ref. [286], could not be found here. Thus, a conclusive

reason to question, why the normal mode of [7] absorbing at 1378 cm! in particular is raised
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in absorption strength, cannot be given at this point.
At first glance, the decent agreement between the calculated spectrum of [7] and the

measured band at 1344 cm!

seems to imply this complex as possible origin of this signal.
And in fact, a reaction of the primary photoproducts of [1] with molecular oxygen was already
verified in reference [109], in which the p-O bridged complex [Fet!!(tpp)]oO was identified as
by-product of this photolysis, besides the main product [Fe™!+V(tpp)]oN ([8]), especially if
the initial concentration of [1] was low (> 1.4mM1). Based on this finding, the occurrence
of [7] as intermediate is thinkable (albeit not evidenced). Still, even if a reaction of either
[3red] or [2] with dioxygen to [7] is assumed, such a reaction will be bimolecular in nature and,
thus, will have a rate limited by diffusion. Typically, diffusion controlled reactions in room-
temperature solution take place on timescales of many nanoseconds to microseconds.[411]
As opposed to that, the species absorbing at 1344 cm™ is formed fully within 100 ps, thus

excluding an assignment to [7].
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(3) [60x](5.-1). (b) [7)(21).

Figure 27: Ball-and-stick models of (a) [60x](5,-1) and (b) [7](2,-1) and isosurface plots of
their lowest unoccupied and three highest occupied molecular spin orbitals, cal-
culated via DFT. The labels specify the spin functions and the numbers of the
orbitals (within a spin subset). The black arrows drawn on top of the SOMO show
the displacement vectors of the normal mode having an unusually high absorption
strength. Isovalues: £0.02. Atomic color coding: H - white, C - gray, N - blue, O
- red, Cl - green, Fe - brown.

Keeping this argument in mind, the species responsible for all observed transient absorptions
must belong to the primary photoproducts. Yet, none of the three complexes ([1], [2], and

[3red]) exhibits such absorption bands, according to the theoretical predictions shown in Fig-
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ures 23-25, neither in their electronic ground state nor in the lowest d(Fe)—d(Fe) states of
other spin multiplicities. Therefore, it has to be concluded that a higher-lying excited state is
the origin of those signals. The presence of a long-lived excited state of [1] has already been
confirmed in section 5.2.1. Regarding [3,eq] and [2], it has not been evidenced yet whether
they are formed directly in their electronic ground state or if they populated intermediately
an excited state, too. For instance, it is entirely conceivable that [2] is formed in a low-lying,
excited m-radical (por—Fe CT) state, reminiscent of the ground state of [7] and, hence, likely
absorbing around 1350 cm!, before it relaxes to its ground state. In particular, this hypothe-
sis seems justified because of the previous studies, which pointed to [7] undergoing a similar
conversion during its photolytic formation (despite the energetic order of the m-radical and
closed-shell ligand states is inverted there). Following this idea, the second signal, centered
at 1282 cm™!, would need to be assigned to a por—Fe CT state of either [1], [3,eq], or both,
which can be expected to absorb strongly at this frequency since they represent 'normal’ m-
radicals of low-valent metal centers.

Still, there are two arguments contradicting this hypothesis. First, complementary pump-
probe experiments of the chlorido complex [6] yield a product spectrum (Figure A10), showing
two spectral features almost identical to those obtained after photoexcitation of [1] (see Figure
21). As [6] is incapable of generating a high-valent iron complex comparable to [7] in a direct,
unimolecular reaction upon photoexcitation, the band at 1344 cm™ cannot be explained by
the presence of such a complex in that case. Second, all efforts to identify energetically low-
lying por—Fe CT states of [1], [2], or [3,ed], potentially suited to cause those absorptions,
by means of computational chemistry remained unsuccessful (see section 8.5 for details). In
all three complexes and different spin multiplicities, por—Fe CT states are high in energy, as
summarized in Table A9, and can be assumed to have rather short lifetimes. In this context, it
shall be reminded that the lowest LMCT of [1], earlier proposed to contribute to its relaxation
pathway,[369'377] cannot have a lifetime of more than 200 fs, as discussed in section 5.2. In the
cases of [1] and [3,eq], the reason for the high energy of these states is the low oxidation state
of their iron atoms (see section 2.2.3). Regarding [2], a delocalization of the unpaired electrons
over the nitrido ligand was previously found to be very efficient[108:297] and hence, favored
over T-radical formation. Also, it is noteworthy that the majority of m-radical complexes re-
ported in the literature bears a total positive charge,[247'274’285’286'290'293'331'332'408'409] as
opposed to [1] and its two photoproducts. While the total charge has not been considered
as relevant parameter on this matter so far, it can be surmised that it affects the stability of
i-radical configuations as well.

To sum up, although experimental and/or DFT-predicted spectra of m-radical metallopor-
phyrins match either of the two observed signals at 1282 cm™ and 1344 cm™!, complexes having
such electron configurations are found to be an inappropriate explanation for the occurrence
of these bands.
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5.3.6 Quantum Chemical Calculations & Interpretation — Part 2: Triplet
Porphyrin States

Despite T-radicals are unlikely to be the reason for the strong signals in the experimental prod-
uct spectrum, the idea of an amplification of absorption strength of certain vibrational modes
by the presence of unpaired electrons at the porphyrin ligand appears to be conclusive. Other
configurations fulfilling this criterion are porphyrin-centered triplet states. These state have
been proven experimentally to be surprisingly long-lasted intermediates in the photochemistry
of various metalloporphyrins, living for up to milliseconds.[301:362,364,365,367] Although they
are comparably short-lived if the metal center is an iron atom,[366] lifetimes of at least several
nanoseconds seem plausible even in those cases.

Furthermore, in contrast to the m-radical porphyrin configurations, triplet porphyrin config-
urations can be optimized by (ground state!) DFT and represent local energy minima, despite
being located in an energetically high range between 10000 cm™ and 23000 cm™ above the
respective global minimum (cf. Table A8). Details of these calculations are given in sec-
tion 8.5 in the appendix. In brief, there are seventeen distinct system (molecular structure
+ electron configuration) relevant to this evaluation. They arise from the possibility of the
iron centers in each of the considered complexes, [1], [2], and [3,eq], adopting either a low-,
intermediate-, or high-spin configuration, which can couple either ferro- or antiferromagneti-
cally with the unpaired electrons of the triplet porphyrindiido ligand (except for the low-spin
iron(+11) d®-configuration in [3,eq], Which is a local singlet). The optimization of those high-
energy structures is challenging due to their very poor convergence behavior. In total, eleven
of those seventeen systems could be converged successfully in this work.

Notwithstanding this, it might seem surprising that triplet porphyrin states have long
lifetimes and can be computationally optimized by ground state DFT, in stark contrast to
ni-radical porphyrin states, although both types of configurations are similarly high in energy.
The reason for this differences lies presumably in their equilibrium geometries. A consideration
of the molecular structures of the calculated complexes (cf. Figure A15) reveals that 'normal’
n-radicals (with non-degenerated ap,- and ag,-orbital) are only slightly distorted compared to
complexes with closed-shell tpp?-ligands. In contrast, complexes with a triplet porphyrin con-
figuration show a pronounced change of their structural parameters, also involving a reduction
of their symmetry. These variations are a consequence of a Jahn-Teller distortion, enforced by
the occupation of one of the degenerated eg-orbitals. Apparently, the closed-shell porphyrin
configuration is raised above the triplet configuration in this highly distorted geometry. A con-
version from the local minimum structure of the triplet porphyrin state to the global minimum
is presumably impeded by an energetic barrier. As opposed to that, the T-radical porphyrin
configurations represent excited states even at their own equilibrium geometry because this
geometry is rather similar to that of the closed-shell porphyrin state and does not increase the

energy of the latter sufficiently.
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do solution, averaged over delays
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els: DFT-predicted IR absorption
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tained by convolution of the stick
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efficient of 3000 M1 cm™?,

1 -exE). [.)ro-duét s-pe'c. -
D 3 o
o 3
g
<}
0 Besting s
1F [2](-1,2), calc. -
0 | / \ A |
1F [2](3,2), calc. -
[a) 0 [ — —
O 1F [2](3,-2), calc. 4
O [ —
1F [2](5,2), calc. =
0
1200 1300 1400
Wavenumber / cm™}
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trum of the photolysis of [1]
with 16 pJ, 400 nm-pump pulses
in room-temperature DCM/DCM-
do solution, averaged over delays
from 150 ps to 3.5ns. Other pan-
els: DFT-predicted IR absorption
spectra of [2](-1,2) (red), [2](3.2)
(yellow), [2](3,-2) (green), and
[2](5,2) (blue), obtained by con-
volution of the stick spectra with
a Lorentzian function (FWHM =
1Ocm'1). In all panels, an optical
density of one is equivalent to an
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3000 Mt emt,

The success of some calculations of triplet porphyrin complexes allows a comparison of their

DFT-predicted IR absorption spectra with the experimental product spectrum. Figures 28, 29,

and 30 display the computed spectra of the converged triplet porphyrin states of [1], [2], and

[3red], respectively. As it becomes apparent, all of those systems exhibit each a pronounced
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(FWHM = 10cm™). In all panels,
an optical density of one is equiva-
lent to an estimated extinction co-
efficient of 3000 M1 cm™L.

absorption band in the ranges from 1255 cm™!
1285cm™! 1320cm™  to
1350cm!, independently of the oxidation

to and from
and spin state of the metal center and
the presence and nature of an axial ligand.
Moreover, the theoretical spectra reflect
qualitatively the large, estimated extinction
coefficients of the experimental spectrum.
The rough agreement supports the assump-
tion made in that estimation, that only one of
the three product species is responsible for the
Still, the predicted

absorption strengths deviate quantitatively

permanent absorptions.
from the measured ones, as the relative
magnitudes of the two absorption bands are
opposed there.  Experimentally, the ratio
of the absorption strengths, 04a(1344cm‘l
band)/aq(1280cm™  band),

1.25, whereas this quantity ranges from 0.31

amounts to

to 0.87 in the theoretical results.

Despite this mismatch, the computed
spectra and the experimental product spec-
This
finding and the previously reported long life-

trum are overall in good agreement.

times of complexes having triplet porphyrin
ligands highly suggest such a species to be
the origin of the two absorption bands peak-
ing at 1282cm™ and 1344cm™l. Combined
with the information that an excited state of
the parent complex, [1]*, is present during
the same time frame (deduced from the
additional, transient vas(N3) absorption band
at 2045cm™L, cf. section 5.2.1), it has to be
concluded that [1] populates intermediately
an ap,-type triplet porphyrin state after
TPA, although its exact electron configu-
ration cannot be identified at this point.
Moreover, because the two low-frequency
bands of all considered triplet porphyrin states
of [1], [2], and [3,eq] are very akin, it appears
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justified to suspect these two spectral features to be characteristic marker bands of the ap,-type
triplet porphyrin configuration. Yet, this proposal requires further verification by future inves-
tigations. As a downside of the consistency of the predicted spectra of all three complexes
and due to the rather poor accuracy of the predicted absorption strengths, it is unfeasible
to determine whether triplet porphyrin states of [2] and [3,eq] contribute to the signals at
1280cm™ and 1344 cm™, too. Hence, it cannot be verified whether the two product com-
plexes are formed directly in their respective electronic ground state or if they populate an
excited state in the first few nanoseconds after their generation.

Finally, the underlying normal modes responsible for the remarkably strong signals in the
calculated spectra and whether they are in line with the theory of Hu and Spiro[286] shall be
discussed briefly. Since both, the porphyrin-centered SOMOs and the relevant normal modes
are similar in all calculated systems, they will be considered explicitly only for the exemplary
complex [3,e4](2,2) here. The displacement vectors of the strongly absorbing vibrations and
isosurface plots of the SOMOs of this system are illustrated in Figure 31. As expected, the
two SOMOs of the tpp?-ligand show the typical shapes of an ap,- and an eg x-orbital. Re-
garding the vibrational modes, there is a single one responsible for the band centered around
1280 cm™L, whereas there are two modes contributing to the band centered at about 1340 cm™®.
In essence, these latter two normal modes are the vgq(por) vibrations in z- and y-direction,
whose degeneracy is lifted as a result of the distorted molecular geometry. Hu and Spiro
suggested the resonance bands of these vibrational modes to be frequency down-shifted to
ca. 1280cm! in m-radical porphyrin complexes. As opposed to that, the theoretical calcula-

tions done here predict them to absorb at ca. 1340 cm™?

, i.e. at roughly the same wavenumber
as in the closed-shell porphyrin state. It remains unclear at this point whether this discrepancy
is due to the spectral shift being exclusive to m-radical porphyrin configurations (but absent
in the triplet porphyrin configurations considered here), or due to the normal mode assign-
ment in either ref. [286] or this work being erroneous. In the case of the triplet porphyrin
states of [1], there is an additional, third contribution from the vs(N3) vibration to the band
at ca. 1340cm™L. The absorption strength of this vibration is nearly unaltered compared to
the closed-shell porphyrin complexes and similarly large as each of those of the two vg1(por)
vibrations in the triplet porphyrin complexes.

The band at ca. 1280 cm™ originates from the E,-symmetric combination of the antisym-
metric pyrrole half-ring stretching modes (v44(por)). This mode absorbs only poorly and at
a frequency of about 1000cm™ in complexes with closed-shell tpp2-ligands. Interestingly,
only the vibration with displacement vectors in z-direction is predicted to give rise to the
pronounced absorption band. A opposed to that, the vibration in y-direction remains weakly
IR-active and is frequency up-shifted only to 1160-1210 cm™ upon triplet porphyrin formation.
As demonstrated in Figure 31, the normal modes va4(por)x, vai(por)x, and va;(por)y follow
the proposal made in ref. [286], that normal modes with displacement vectors perpendicular
to the nodal planes of the SOMOs are amplified in absorption strength. In particular, many of
the atomic displacement vectors of the vgq(por)x mode intersect the nodal planes of the ap,-
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and the eg y-orbital under large angles. In the cases of the v41(por) vibrations, this condition
is still mostly fulfilled, yet the angles of intersection are on average smaller. According to Hu's
model, this suggests lower absorption strengths for these modes compared to the va4(por)x
mode, which is in fact experimentally observed. However, judging by the same model but in
contrast to the computed results, the absorption strength of the v44(por)y should be increased
significantly as well, because its displacement vectors are likewise oriented almost perpendicular
to the SOMO's nodal planes (cf. Figure A16). This mismatch might hint towards the alter-
native explanation, that geometric factors, i.e. the distortions inflicted by triplet or m-radical
porphyrin configurations, are pivotal for the rise of vibrational absorption strength,[329] rather
than the electronic structure itself (see also section 2.2.4). Hence, it has to be emphasized
again, that the reason for the increased absorption strength in metalloporphyrins having certain

electron configurations is not fully understood yet.

(a) «-173 (apy) orbital & (b) «-173 (ap,) orbital & (¢) a-173 (ap,) orbital &
vaa(por)x mode (1286.cm™1). v41(por)x mode (1325cm™1). va1(por)y mode (1331cm™).

&g @g

(d) a-175 (egx) orbital & (e) a-175 (egx) orbital & (f) «a-175 (egx) orbital &
vaa(por)x mode (1286.cm™1). v41(por)x mode (1325cm™1). va1(por)y mode (1331cm™).

Figure 31: Ball-and-stick models of [3,eq](2,2), isosurface plots of its porphyrin-centered SO-
MOs, and displacement vectors of the normal modes having unusually high ab-
sorption strengths (black arrows), calculated via DFT. The subtitles specify the
spin functions, the numbers of the orbitals (within a a-spin subset), and their as-
signments according to the Gouterman model as well as the assignments of the
normal modes (according to ref. [322]) and their computed resonance frequencies.
Isovalues: 4-0.02. Atomic color coding: H - white, C - gray, N - blue, Fe - brown.
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6 Summary and Outlook

In summary, the photolysis of the archetypal model complex azido(5,10,15,20-tetraphenylpor-
phyrin-21,23-diido)iron(+111) ([Fe™"(tpp)(N3)], [1]) was investigated in liquid, room-temper-
ature DCM (DCM-d5) solution in this work. In earlier studies, complex [1] has already been
employed as precursor of the high-valent nitrido complex [FetY(tpp)(N)] ([2]),[104105.108]
reminiscent of the reactive intermediate in the catalytic cycles of many oxidative metalloen-
zymes, Compound [, but only by means of matrix isolation techniques. In contrast, examina-
tions in liquid solution have previously been impeded by the low stability of the photoproducts.
Here, a conjunction of (ultra-)fast time-resolved infrared and visible spectroscopy, chemical
quenching reactions and calculations based on density functional theory allowed, for the first
time, a systematic exploration of the processes following the photoexcitation of [1] and the
occurring intermediates.

Complex [1] is found to be remarkably photostable, as significant photoconversion is ob-
served only under usage of pump pulses of high energies. In detail, the primary quantum yield
scales proportionally with the pulse energy, giving evidence that the reactive channel is avail-
able exclusively after two-photon absorption. Single-photon absorption, on the other hand,
results in a complete ground state recovery. Moreover, excitation wavelengths of 400 nm and
below allow a decomposition by an order of magnitude more efficient than 510 nm excitation.

The relaxation mechanism of [1] after single-photon excitation can be outlined as shown
in Equation (32) (numbers in curly brackets represent the underlying roots from a TD-DFT
calculation, see also Figure 18) and described in the following: First, [1] is converted from
the initially excited state, e.g. the porphyrin-centered ®B(m—*) state after 400 nm excita-
tion, to one of the lowest two excited sextet states, a degenerated pair of dark, low-energy,
porphyrin-centered 9Q(m—*) states, within less than 200fs (7). Whether this conversion
is direct or proceeds via intermediate population of interjacent electronic states, for instance
a porphyrin-to-iron charge transfer state, could not be determined here. Next, the complex
undergoes a vibrational energy relaxation within a few picoseconds (half-life period tip =
1.0-3.5 ps) while in the 6Q(n—m*) state. Finally, it returns to its electronic ground state with
a time constant of 7o = 20.7 £ 0.3 ps. Alternative assignments of the last process to a vibra-
tional relaxation on the potential energy surface of the ground state or the decay of the lowest
d(Fe)—d(Fe) quartet state, as suggested for the analogous chlorido complex [Fet!!!(tpp)(CI)]
([6]) in earlier studies,[309:377] are rejected here. These proposals could not be brought in line
with the kinetics observed in this work or the results of TD-DFT calculations, respectively.
Despite that, another VER on the ground state surface is likely, but proceeds presumably with

a similar rate as in the 6Q(1‘[—>TI:*) state.

t1/0 = 1.0-3.5ps
6Gs ", OB(momt) (23,24} TL=200F 6ty (1,2} (hot) L2 ,
400 nm IC VER
= 20. t1/o = 1.0-3.5ps
6Q(rm¥) {12} 2=207ps, (6GS (hot) 2 ) 66 (32)
IC, GSR VER
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The excitation of [1] with high-energy pulses yields primarily three product species, an excited
state of the parent complex ([1]*), the nitrido complex [2] via photooxidative cleavage of
Ny, and the iron(+1) complex [Fet(tpp)(0)] ([3,ed]) Via photoreductive release of N3.
These three species are generated in roughly equal amounts, only slightly dependent on the
excitation wavelength. The formation of [2] is verified by addition of tBuNC, resulting in
a reaction to the carbodiimido complex [Fet!!(tpp)(NCNtBu)] ([4], cf. Equation (33)), and
detection of the characteristic IR absorption of the NCN-antisymmetric stretching vibration
at 2121 cm™L. In addition, the diisonitrilo complex [Fe™!!(tpp)(CNBu),]* ([5], vas(C=N) =
2200 cm'l) and N3 anions are generated in this experiment, which replenish the reactants on
the timescale of seconds (ky = (2.03+0.35)-10* M1 s1). The formation of these species is
attributed to a complexation of [3,¢q] by two tBuNC molecules, followed by a one-electron
transfer to an azidyl radical (cf. Equation (34)). A more direct evidence and quantification of
the photoreductive pathway is achieved by quenching of the byproduct, N3, with large excesses
(100:1 w.r.t. [1]) of iodide to N5

HBUNC,  1re I (4pp) (NCNEBU)] + Ny (33)

2 tBuNC
Bl

[Fet!(tpp)(N3)] 22 [Fe™V(tpp)(N)] + Na

[Fet(tpp)(N3)] 2% [Fet(tpp)(C1)] + N3 [Fe™"!(tpp) (CNtBu)o] + N3

— [Fet(tpp)(CNtBu)o] ™ + Ny — [Fe(tpp)(N3)] +2 tBUNC  (34)

1 3nd

Furthermore, two pronounced, permanent transient absorptions are detected at 1344 cm”
1282 cm™L. By comparison with DF T-predicted spectra obtained from ground state calcula-
tions of various complexes having different electron configurations, these signals are assigned
to a complex bearing a porphyrindiido ligand in a local triplet state, rather than a m-radical
metalloporphyrin. The additional occurrence of a vas(N3) resonance band at 2045 cm™ sug-
gests the excited state of the parent complex mentioned above, [1]*, to be the origin of these
absorption bands.

Despite this work has delivered many valuable results, it leaves some questions unanswered

and raises further issues, whose disclosure requires additional investigations:

+ In this work, many bimolecular reactions have been proposed to explain the results of
the rapid-scan and stationary IR difference spectra, but not directly observed because
they take place on timescales not covered by the applied techniques. This included:

1) The formation of the dinuclear, p-N bridged complex [8] out of [2] and [1].

2) The quenching of N3 to N3 by iodide.

3) The quenching of [2] to the carbodiimido complex [4] by tBuNC.

4) The conversion of [3,e4], N3 and tBuNC to the diisonitrilo complex [5] and N3

5) The return of the triplet porphyrindiido complexes to their electronic ground state.
Solid evidence of these processes, determination of their rates and discovery of their
mechanisms requires complementary examinations by means of transient spectroscopy

on the timescales of nano- to microseconds.

85



o While the relaxation mechanism of [1] after single-photon absorption has been discussed

thoroughly, the primary events following two-photon excitation, yielding ultimately all
photoproducts, remained widely undisclosed. The only information in this regard ob-
tained here is the decay of a transient absorption located at 1312 cm™ with 73 ~ 10ps
and the rise of the transient absorption at 1282cm™ with T4 &~ 27ps. Both time

constants deviate significantly from those observed after SPA.

The exact electron configuration of the complex [1]*, carrying a triplet porphyrindiido
ligand, including the spin state of the iron center and its spin coupling to the ligand,
could not be determined here. Moreover, it remains unclear whether triplet porphyrin
states of the complexes [3,eq] and [2] are formed as well and contribute to the signals at
1282 cm™ and 1344 cm™L. In this context, complex [1] appears to be a rather inconve-
nient model system to elucidate the properties of triplet porphyrindiido complexes, due
to its multifarious photoreactivity and the variety of possible spin states of iron cations.
Hence, future studies on such electronic states should focus (at least for the near term)

on complexes showing a simpler electronic structure and photochemistry, for instance
[Zn(tpp)] and [Mg(tpp)].

Research efforts on all of these topics will highly benefit from the results of this work, in which

substantial parts of photochemistry of [1] have already been discovered and important corre-

lations between the electronic structures and the IR absorption spectra of metalloporphyrins

have been pointed out.
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8 Appendix

8.1 Additional Stationary FTIR Spectra
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Figure Al: (a) & (b) Expansions of the stationary FTIR absorption spectrum of [1] in room-
temperature DCM (DCM-d») solution, as specified in the subtitles. The numbers
and labels indicate peak positions in cm™! and their assignement. (c) - (j) Ball-
and-stick models of [1] and calculated atomic displacement vectors (black arrows)
of the normal modes corresponding to the absorption bands shown in (a) and
(b). The subtitles specify their notations and experimental resonance frequencies.
Atomic color coding: H - white, C - gray, N - blue, Fe - brown.
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Figure A2: Stationary FTIR absorption spectra of [1] (blue) and N3~ (red) in the region of the
antisymmetric N3-stretching vibration band and tBuNC (green) in the region of
the C=N-stretching vibration band. All spectra were recorded in room-temperature
DCM solution.* The numbers indicate peak positions in cm™.

Figure A3:

Experimental, stationary
FTIR  absorption  spectra
in room-temperature DCM
solution and inverted, DFT-
calculated IR spectra of [1]
(blue and dark gray, respec-
tively) and [6] (orange and
light gray, respectively) in the
region of the vy vibration
band of the porphyrindiido

1335 1340|1340
400 .

200 F

g/ M1cmt

200 . " Vaq(por) - ligand. The calculated spectra
V(N3)-v4(por) | were obtained by convolution

- N of the stick spectra with a

400 f = Vs(N3)+v4(por) -4 Lorentzian function having a
. , | . : FWHM of 20cm™. The num-

1300 1350 1300 1350 Pers |_nld|cate peak positions

1 in cm™.  The labels assign

Wavenumber / cm the frequencies of the stick

spectra to their underlying
normal modes.

4 These spectra were recorded on the Vertex 70 spectrometer (Bruker) with a resolution of 5cm™.
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8.2 Natural Transition Orbitals and Excitation Energies

Table Al: Excitation energies, (dipole-length) oscillator strengths, assignment to experimen-
tally observed absorption bands, and characterization of selected electronic transi-
tions of [1](5,0), calculated by TD-DFT. Note that the calculated excitation en-
ergies, starting from root 3, have to be frequency down-shifted by 4000cm™ to
reproduce the experimental spectrum reasonably.

root /ACEHC]?{C fosc /Afrsﬁp //\ixrﬁ transitions
1 3279 0.00000463 na. na. Q (ayy.au—eg)
2 3736 0.00000390 na. na  Q(ar,an—eg)
3 14856 0.00300889 as,—dxy/dxz/dyz(Fe) (8) + ary—eg (@)
4 15226 0.00164812 }11760 850 ap,—dxy/dxz/dyz(Fe) (8) + a1u—eg ()
5 15518 0.00167908 agy—duy /dxz/dyz(Fe) (8) + aru—eg (@)
6 16255 0.00015919 na. na. Q (ayy.au—eg)
7 16495 0.00042780 na. na. Q (ayy.au—eg)
8 18589 0.00868976 }14560 67 22u—dyz(Fe) (5) + ary—eq (o)
9 19021 0.01242581 agu—dxz(Fe) (8) + ajy—eg ()
+ “nb(N3)—>dyZ(Fe) (8)
10 19890 0.02590952 15240 656 ap,—d2(Fe) (8) + mIP—dy(Fe) ()
11 20367 0.00311714 na. na. mP(N3)—dy(Fe) (B)
12 21383 0.00188070 na. na. alu—>dxy( e) (8) + azu—dyz(Fe) (5)
13 21551 0.00180091 na. na. ap—d2(Fe) (8) + ajy—dyy(Fe) (B)
+ my®(N3)—dyz(Fe) ()
14 22238 0.02528765 17670 566 wi°(N3)—dy,(Fe) (8)
15 23067 0.00083471 na. na. nb(Ng)ﬁde( e) (B)
16 23534 0.07340224 a1u—dyz(Fe) (8
17 23777 0.07111802 }19760 506 alsédizEFeg Eﬁg
18 24684 0.04407340 na. n.a. a1U—>d 2(Fe) (5)
19 25234 0.00292392 na. na. ( 3)—d 2(Fe) (B)
20 25539 0.00099836 na. na. w(N3)—=dwy(Fe) (8)
21 26455 0.11116384 na. na. nb(Ng) dwz(Fe) (B)
+myP(N3)—dyz(Fe) (5)
22 27539 0.11962126 na.  na. ay—de o(Fe) (5)
23 27898 0.56352751 }24150 14 B (a1u.a2u—eg) + TIP(N3)—d 2(Fe) (8)
24 28075 0.51422949 B (au.azu—e€g)
32 20494 0.20426323 na. na. Tw(por)—eg
35 30622 0.28395945 27620 362 m]°(N3)—d 2(Fe) (B)
+“9b(N3)—>dyZ(Fe) (8)
57 38068 0.11619441 >33300 <300 complex
72 39891 0.24102249 >33300 <300 complex
74 40275 0.13263516 >33300 <300 Tw(por)—d 2(Fe) (5)

+rlb(N3)—d2 2 (Fe) (5)
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Table A2: Excitation energies and (dipole-length) oscillator strengths of the electronic tran-
sitions of [1](5,0) not mentioned in Table Al, calculated by TD-DFT. Note that
the calculated excitation energies, starting from root 3, have to be frequency down-
shifted by 4000 cm™ to reproduce the experimental spectrum reasonably.

AEcalc
/ cm™

25 28163 0.19041899 | 53 37503 0.03335636 | 82 41391 0.00430445
26 28176 0.00872473 | 54 37633 0.00275328 | 83 41408 0.00547780
27 28225 0.03594091 | 55 37840 0.07477187 | 84 41507 0.00106240
28 28278 0.00301415 | 56 37910 0.05536594 | 85 41599 0.00070289
29 28427 0.05245025 | 58 38154 0.00353659 | 86 41794 0.01775056
30 29148 0.00013947 | 59 38505 0.01205195 | 87 41827 0.02507625
31 29394 0.05902615 | 60 38717 0.00179415 | 88 41877 0.02863995
33 29913 0.00337858 | 61 38752 0.00134854 | 89 41964 0.02750789
34 30056 0.01886927 | 62 38824 0.00175144 | 90 42033 0.00040850
36 31760 0.01127982 | 63 38854 0.00073055 | 91 42124 0.01648903
37 32158 0.03145321 | 64 38889 0.00012313 | 92 42238 0.00653449
38 32262 0.01449099 | 65 38895 0.00013964 | 93 42286 0.01381483
39 32923 0.00041102 | 66 38938 0.00013533 | 94 42486 0.01210012
40 34038 0.00410870 | 67 38975 0.00365287 | 95 42557 0.02310605
41 34370 0.01635975 | 68 39031 0.00022752 | 96 42654 0.03151807
42 34611 0.01602781 | 69 39437 0.00002319 | 97 42714 0.02419405
43 34884 0.00377342 | 70 39494 0.00193812 | 98 42761 0.01392217
44 35194 0.00049208 | 71 39603 0.03403842 | 99 42939 0.05749169
45 35685 0.00830765 | 73 39949 0.09330138 | 100 43033 0.00946361
46 36061 0.00051694 | 75 40418 0.06231870 | 101 43230 0.01472741
47 36136 0.00009967 | 76 40564 0.01965041 | 102 43304 0.08110216
48 36425 0.01380733 | 77 40698 0.01321826 | 103 43519 0.04601485
49 36588 0.00456684 | 78 41022 0.00305071 | 104 43605 0.00597321
50 36796 0.01175710 | 79 41093 0.00456698 | 105 43675 0.01045384
51 37135 0.00287593 | 80 41130 0.00400757
52 37365 0.01612827 | 81 41362 0.00108314

AFE AFE
root fosc root C(_I{C Jose root C%C Josc
/ cm / cm
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(b) Root 1, a-NTO pair 2.

(a) Root 1, a-NTO pair 1.

(d) Root 1, B-NTO pair 2.

(c) Root 1, 5-NTO pair 1.

(f) Root 2, a-NTO pair 2.

(e) Root 2, @-NTO pair 1.

(h) Root 2, B-NTO pair 2.

(g) Root 2, B-NTO pair 1.

(j) Root 3, a-NTO pair 1.

(i) Root 3, B-NTO pair 1.

() Root 4, a-NTO pair 1.

(k) Root 4, B-NTO pair 1.
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Root 5, a-NTO pair 1.

)

(n

(m) Root 5, 3-NTO pair 1.

Root 6, @-NTO pair 1.

(p)

(o) Root 6, B-NTO pair 1.

Root 7, @-NTO pair 1.

(r)

(q) Root 7, B-NTO pair 1.

(t) Root 8, a-NTO pair 1.

(s) Root 8, 3-NTO pair 1.

Root 9, a-NTO pair 1.

(v)

(u) Root 9, B-NTO pair 1.

Root 9, 5-NTO pair 2.

)

(w
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(ag) Root 15, 3-NTO pair 1. (ah) Root 16, 5-NTO pair 1.
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(as) Root 23, 5-NTO pair 3. (at) Root 23, a-NTO pair 2.
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(be) Root 57, a-NTO pair 1. (bf) Root 57, 3-NTO pair 1.
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(bl) Root 74, 5-NTO pair 1. (bm) Root 74, 5-NTO pair 2.

Figure A4: Ball-and-stick models of [1](5,0) and isosurface plots of the natural transition
orbital pairs of hightest eigenvalues of selected roots, calculated by TD-DFT. The

subtitles indicate the corresponding root and the spin function of a NTO pair,
while the numbers above the arrows specify their contribution to the excitation.
Isovalues: 40.03. Atomic color coding: H - white, C - gray, N - blue, Fe - brown.
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8.3 Additional UV /Vis-Pump/mIR-Probe Data
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Figure A5: Transient 12pJ, 400 nm-pump/1900-2100 cm™-probe spectra of [1] in room-

temperature DCM solution at various pump-probe delays, as specified in the leg-
ends. The gray areas represent the inverted, properly scaled, stationary FTIR
spectrum of [1]. The black numbers indicate peak positions in emL.

rDelay / ps
1.0

4.0
16
30
60 ;
150 _ 150

-1.0F -
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(a) 1410ecm™ < 70pe < 1500cm’L. (b) 1550cm™ < #pope < 1620cm™.

Figure A6: Transient 12pJ, 400 nm-pump/mIR-probe spectra of [1] in room-temperature

104

DCM solution, recorded in the probe regions (a) from 1410cm™ to 1500 cm™!
and (b) from 1550cm™ to 1620cm™! and at various pump-probe delays, as in-
dicated by the legends. The gray areas represent the inverted, properly scaled,
stationary FTIR spectrum of [1].



Table A3: (Multi)exponential fit parameters of the 16uJ, 400 nm-pump/1300-1370 cm™!-
probe kinetic traces of [1] in room-temperature DCM solution.

7/ cm ‘ AmOD(0); 71 / ps ‘ AmOD(0)2 T3 / ps ‘ AmOD(0)3 73 / ps ‘ AmOD(o0)

1306.3
1306.9
1307.5
1308.1
1308.7
1309.3
1309.9
1310.5
1311.1
1311.7
1312.3
1312.9
1313.5
1314.1
1314.8
1315.3
1316.0
1316.5
1317.2
1317.8
1318.4
1319.0
1319.6
1320.2
1320.9
1321.4
1322.1
1322.7
1323.3
1323.9
1324.6
1325.1
1325.8
1326.4
1327.0
1327.6
1328.3
1328.8
1329.5
1330.1
1330.8
1331.3
1332.0
1332.6
1333.2
1333.8
1334.5
1335.1

0.25
0.24
0.29
0.36
0.35
0.40
0.48
0.49

0.45

0.82
0.79
0.85
0.70
0.88
0.81
0.93
0.93

0.85

0.41
0.41
0.46
0.46
0.48
0.48
0.50
0.52
0.53
0.50
0.53
0.51
0.51
0.53
0.53
0.52
0.52
0.49
0.48
0.48
0.48
0.51
0.50
0.51
0.50

-2.24
-0.67
-0.68
-2.18
-1.74
-2.17
-2.22
-2.25
-1.08
-1.32
-1.16
-1.25
-1.23
-1.49
-1.22
-1.36
_3lal

10.1
8.9
12.1
11.1
11.6
13.3
11.5
12.5
12.6
11.2
12.4
11.3
10.0
10.5
9.3
10.2
10.5
10.2
12.2
10.4
11.8
11.9
11.2
13.3
13.4

12.8
9.7
8.6

12.6

11.4

12.0

12.5

12.6
7.6
8.8
7.9
8.5
8.4

10.3
9.0
9.9

13.7

0.52
0.56
0.57
0.66
0.70
0.77
3[a]

1.46
1.48
3[al

2.55
3[a]

3[al

3[a]

1.61
1.77
1.48
1.39
1.24
1.31
0.86
0.83
2.40

14.9
175
17.1
20.3
22.0
24.2
15.8
18.9
19.9
175
18.0
18.4
19.1
20.0
243
23.7
26.6
26.9
28.5
25.4
29.8
26.0
18.7

-0.01
0.01
-0.02
0.00
0.01
0.00
-0.01
-0.01
0.00
0.00
-0.01
0.01
-0.02
-0.02
-0.01
-0.04
-0.02
-0.01
-0.03
0.00
-0.01
-0.02
0.00
-0.05
0.00
-0.02
-0.04
0.01
-0.05
-0.03
-0.01
-0.04
0.00
-0.02
-0.03
0.00
-0.05
-0.02
-0.04
-0.04
-0.03
-0.04
-0.03
-0.03
-0.04
-0.03
-0.03
-0.02
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1335.8 0.49 0.75 _3lal 13.5 2.29 18.5 0.02
1336.3 0.45 0.93 _3[al 14.1 2.18 19.9 0.01
1337.0 0.49 0.91 _3[al 14.6 2.04 19.8 0.01
1337.6 0.39 0.80 _3lal 16.9 1.97 24.9 0.03
1338.3 0.38 1.14 _3[a] 18.5 1.63 27.8 0.02
1338.9 0.45 1.02 _3[al 21.3 1.34 32.7 0.04
1339.5 0.47 1.41 2.10 20.8 0.09
1340.1 0.54 1.27 2.19 24.8 0.11
1340.8 0.53 1.38 212 30.6 0.18
1341.4 0.46 3.13 2.02 30.4 0.21
1342.1 0.35 1.63 141 34.9 0.29
1342.6 0.30 5.2 -1.29 31.3 0.31
1343.3 0.22 3.59 -0.87 33.3 0.32
1343.9 0.25 3.06 -0.78 32.2 0.37
1344.6 0.12 3.38 -0.56 35.0 0.35
1345.2 0.17 1.17 0.43 34.0 0.32
1345.9 0.12 5.2 -0.38 20.2 0.26
1346.5 0.48 8.6 -0.69 12.8 0.20
1347.1 -0.20 20.4 0.17
1347.7 -0.17 17.1 0.11
1348.4 0.14 24.8 0.08
1349.1 0.15 20.6 0.09
1349.7 -0.05 66.8 0.00
1350.3 0.11 26.8 0.03

[a] enforced bou ndary.

Table A4: (Multi)exponential fit parameters of the 16pJ, 400nm-pump/1300-1370 cm™1-
probe kinetic traces of [1] in room-temperature DCM-d; solution.

v/ cmlt ‘ AmOD(0); 71 / ps ‘ AmOD(0)2 T2 / ps ‘ AmOD(0)s T3 / ps ‘ AmOD(o0)

1306.9 0.55 8.2 -0.01
1309.3 0.58 9.0 -0.01
1311.6 0.60 8.2 0.00
1313.9 0.51 9.1 -0.02
1316.3 0.44 15.0 -0.05
1318.7 0.42 13.2 -0.02
1321.0 0.45 17.6 -0.03
1323.4 0.61 29.9 -0.07
1325.8 2.34 0.3 -0.82 6.0 1.41
1328.2 _3[al 0.2 231 11.6 2.90
1330.6 -3[al 0.2 -2.55 11.4 30l 20.0 -0.04
1333.0 -3[al 0.2 _3[al 12.6 2.94 20.7 -0.02
1335.5 _3[al 0.2 _3[al 13.9 2.28 21.4 0.03
1337.9 0.97 4.9 _3[a 11.2 1.10 26.6 0.06
1340.3 2.05 23.5 3.00
1342.8 0.22 1.2 _3lal 22.6 1.49
1345.3 0.07 1.0 2.64 27.2 1.93
1347.7 0.29 0.9 _3lal 23.8 2.72
1350.2 -0.16 483 0.13

2] enforced boundary.
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Figure A7: Transient 3pJ, 400 nm-pump/1300-1370 cm™I-probe spectra of [1] in room-
temperature DCM solution at various pump-probe delays, as specified in the legend.
The gray area represents the inverted, properly scaled, stationary FTIR spectrum
of [1]. The black number indicate peak positions in cm L.
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(a) Transient spectra. (b) Kinetic traces.

Figure A8: (a) Transient 16 uJ, 400 nm-pump,/1300-1370 cm™!-probe spectra of [1] in room-
temperature DCM-ds solution at various pump-probe delays, as specified in the
legend. The gray area represents the inverted, properly scaled, stationary FTIR
spectrum of [1]. The black numbers indicate peak positions in cm 1. (b) Kinetic
traces at the frequencies specified in the legend. Circles and solid lines represent
experimental data and mono- or biexponential fit functions, respectively.
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Figure A9: (a) & (b) Product spectra of the 16 pJ, 400 nm-pump/1240-1310 cmL-probe ex-
periment of [1], averaged over the delay ranges specified in the subtitles. (c)
Stationary FTIR-spectrum of [1] in the same spectral region. The spectrum is
normalized to the integral of the absorption band peaking at 1299cm™. Gray
circles represent the experimental data and black lines pseudo-Voigt regression

functions (see also Table A5).

Table A5: Fit parameters of pseudo-Voigt functions describing the signals observed in the
product spectra of the 16 pJ, 400 nm-pump/1240-1310 cmL-probe experiment of
[1] at early and late pump-probe delays, and the stationary FTIR spectrum of [1]
in the same region. The product spectra were averaged within the delay ranges
from 0.1ps to 2.0ps and from 150 ps to 3500 ps, respectively. The parameter
(AA)MOD ¢ describes the offset of the pseudo-Voigt functions.

spectrum ‘ A/ cml v / eml W / cml n (AA)MOD ¢
product: 0.1-2.0ps | 6.2940.69 1262.940.2 10.44+05 0.77+0.18 -0.0065--0.0104
product: 150-3500ps | 4.63+0.53  1282.4+0.1 14.6+0.4 0.254+0.24 -0.0004-£0.0057
(1] (stat.) 1.0008]4+0.15 1298.940.7 7.140.3 0.41+0.22

' 1.4000140.14 1261.0402 0.140.4 0.75+0.17

[a] normalized to integral of the band centered at 1298.9cm™.

-0.0030[31+0.0025
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Table A6: Mon
spec

oexponential fit parameters of the time-dependent integrals of the functions
ified in Table Ab5.

vy / cmt ‘ A(co) Jem™ Ay Jem™ 1 [ ps

1263 0.01+0.04 6.12+0.09 17.0%0.7
1282 4.87+0.04 -5.004+0.05 27.3+£0.9
1299 -0.15+£0.02  -2.014+0.03 20.6+0.9
0-5 1 1 ] ] . s 1
- 1343
0.4F
O 0.3F
% i
< 0.2 B
< 3
0.1F
0.0
1240 1260 1280 1300 1320 1340 1360
Wavenumber / cm™?
Figure A10: mIR product spectrum of the 16 pJ, 400 nm-photolysis of [6] in room-temperature

DCM-d; (left panel) and DCM solution (right panel), averaged over pump-probe

de

lays from 150 ps to 250 ps. The numbers indicate peak positions in cm™.

8.4 Additional UV /Vis-Pump/Vis-Probe Data
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>
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Figure A11: Normalized transient 35pJ, UV/Vis-pump/Vis-probe spectra of [1] in room-
temperature DCM solution, recorded at a pump-probe delay of 0.16 ps for different
excitation wavelengths, as specified in the legend. Note that the scaling of the
ordinate changes above a wavelength of 500 nm and that the spectra a vertically

sh

ifted. Dotted, colored lines represent the zero lines of the spectra.
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Transient 35pJ, 400nm-
pump/Vis-probe spectrum of [1]
in room-temperature DCM solu-
tion, averaged over pump-probe
delays from 150ps to 1000 ps
(blue line) and inverted, properly
scaled, stationary UV-Vis spec-
trum of [1] (gray area). Note
that the scaling of the ordinate
changes above a wavelength of
500nm. (b) Ratio of the sig-
nal strengths (gray crosses) of
the residual transient absorption
at 535nm and the initial bleach-
ing signal (415-420nm) in depen-
dence of the energy of the pump
pulse. The black line represents a
proportional regression function.

Figure Al13:

Time constants  obtained
from bi- or triexponential fits
of the 8 pJ, 400 nm-pump/Vis-
probe kinetic traces of [1] in
room-temperature DCM solu-
tion. The saturation of a point
indicates the absolute value of
the amplitude corresponding
to this time constant, as
specified in the color map.
Gray areas emphasize time
frames with accumulations of
individual time constants.



8.5 Detailed Computational Procedure and Results

Initially, the molecular orbitals and geometries of the relevant complexes were optimized in sev-
eral feasible spin multiplicities without any restrictions. Table A7 list the electronic structures,

in terms of the allocation of unpaired electrons, obtained this way.

Table A7: Simplified electron configurations of the DF T-optimized structures of the complexes
relevant for this work for various feasible spin multiplicities.

complex muli?plpicity (s(FeX),s(por)) | complex muli?;Ecity (S(FeX),s(por))

[1] doublet (1,0) [4] doublet (1,0)
quartet (3,0) quartet (3,0)
sextet (5,0)l sextet (5,0)[]
octet (5,2) [5] doublet(®] (0,1)

[2] doublet (1,0)l [6] sextetlP] (5,0)
quartet (3,0) [60x] singlet (1,-1)
sextet (5,0) triplet (1,1)

[3] doublet (2,-1)ll quintet (5,-1)[a]
quartet (3,0) septet (5,1)
sextet (4,1) [7] doublet (2,-1)kl

[3red] singlet (2,-2) quartet (2,1)
triplet (2,0)[l sextet (4,1)
quintet (4,0) [1ox] triplet (3,-1)
septet (4,2) quintet (5,-1)
[Zn(p)] singlet (0,0)ld
[a] electronic ground state according to these calculations. [c] calculated in closed-shell formalism.

[b] electronic ground state according to experimental findings.[246:255]

These systems were utilized as starting points in the optimization of other electron con-
figurations. Starting orbitals for new electron configurations were obtained by transferring a
defined number of iron-centered d-orbitals with a-spin of the already converged structures to
the [-orbital set. This procedure was realized by the built-in function 'flip" of the program
package TURBOMOLE implemented in the setup program 'define’. This function performs a
localization of the molecular orbitals and allows a transfer of occupied orbitals from the a- to
the (5-subset and vice versa. If the resulting configurations had more - than a-electrons, con-
trary to the convention, the two orbital subsets were exchanged. In more detail, the starting

orbitals of the individual electron configurations were set up as described in the following:

o Other triplet porphyrin states of [1]: [1](3,2), [1](1,2), [1](-1,2), [1](3,-2), and [1](5,-2)
were generated by spin flip of one, two, three, four, and five d(«a,Fe)-orbitals of [1](5,2),

respectively.

o m-radical porphyrin states of [1]: [1](4,-1) and [1](4,1) were generated by filling an
additional electron into the lowest unoccupied d(3,Fe)-orbital of [10x](5,-1) and spin
flip of four d(«,Fe)-orbitals in the latter case. [1](2,-1), [1](0,-1), and [1](2,1) were
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generated by filling an additional electron into the lowest unoccupied d(/3,Fe)-orbital
of [1ox](3,-1) and spin flip of one and two d(«,Fe)-orbitals in the latter two cases,
respectively.

o Other triplet porphyrin states of [2] were generated analogously to those of [1] starting
from [2](5,2).

o t-radicalporphyrin states of [2]: The optimized orbitals of [7](2,-1), [7](2,1), [7](4,-1),
and [7](4,1) were directly used as starting orbitals for [2](2,-1), [2](2,1), [2](4,-1), and
[2](4,1), respectively. A calculation of [2](0,1) was not attempted.

o Other triplet porphyrin states of [3,ed]: [3redl(2.2), [3red](0.2), [3red](2.-2), and
[3red](4,-2) were generated by spin flip of one, two, three, and four d(«,Fe)-orbitals
of [3,eq](4.2), respectively.

o m-radical porphyrin states [3,eq]: [3red](1,-1) and [3,eq](1,1) were generated by filling
an additional electron into the lowest unoccupied d(f3,Fe)-orbital of [3](2,-1) and spin
flip of one d(«,Fe)-orbital in the latter case. [3,eq](3,1) and [3,eq](3:-1) were generated
by filling an additional electron into the lowest unoccupied d(3,Fe)-orbital of [3](4,1)
and spin flip of three d(«,Fe)-orbitals in the latter case.

* [3,eq](0,0) was calculated in the closed-shell formalism.

* [60x](3,-1) and [60x](3,1) were generated by spin flip of one d(«,Fe)-orbital of [60x](5,-1)
and [6ox](5,1), respectively.

* [7](4,-1) was generated by spin flip of four d(«,Fe)-orbitals of [7](4,1). A calculation of
[7](0,1) was not attempted.

Subsequently, the molecular orbitals of all new electron configurations were optimized in self-
consistent field (SCF) procedures within the geometry of the systems from which their respec-
tive starting orbitals were derived. In the calculations of the m-radical porphyrin states of [2],
the geometry of the corresponding state of [7] was utilized after substitution of a nitrogen atom
for the axial oxygen atom. Here, all m-radical configurations of [1], [2], and [3,eg], except of
[2](4,1), did not survive the SCF calculations, but converged to the respective configuration
of the same spin multiplicity listed in Table A7 instead. Moreover, the SCF calculation of
[3ed](0,2) failed to converge.

Next, the geometries of the remaining systems were optimized. In this step, the calculation
of [2](4,1) lost its initial m-radical electron configuration and converged to [2](5,0) instead.
Hence, the optimizations of all mt-radical structures of [1], [2], and [3,eq] as ground state con-
figurations by DFT were unsuccessful. Similarly, the calculation of [2](5,-2) converged to the
closed-shell porphyrin system [2](3,0). All other calculations, i.e. triplet porphyrin states of
[1], [2], and [3,eq] as well as [60x](3.1), [60x](3,-1), and [7](4,-1), retained the electron con-
figuration provided by the starting orbitals during the geometry optimization. The optimized
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structures were tested to be true, local minimum structures by stability analyses and frequency

calculations. While the stability analysis was successful in all cases, the systems [1](1,2),
[1](-1,2), [1](5,-2), [2](1,2), and [60x](3,-1) were found to be insufficiently converged after

the frequency calculations. In contrast, the remaining systems represent metastable structures

according to the theoretical method. Their relative energies and calculated distribution of

unpaired electrons in terms of S.(FeX) and S.(por) are given in Table A8, and their optimized

geometries are listed in section 8.9.

Table A8: Relative energies and calculated
distribution of unpaired electrons
of the complexes relevant for this
work for different electron configu-

ration.
(S(FeX), (Sc(FeX), Erep [ cm™
MR (por))  Se(por)  (Eans / Ex)
1] (1,0) (1.07,-0.07) 3423
(3,0) (2.94,0.05) 779
(5,0) (4.49,0.50)5 0 (-3339.798057)
(3.2) (2.99,1.92) 12651
(5.2) (4.56,2.32) 11444
(3.-2) (2.82,-1.73) 10351
2] (1,0) (0.95,0.05) 0 (-3230.225223)
(3,0) (2.94,0.06) 6631
(5,0) (4.75,0.25) 11924
(3.2) (2.72,2.18) 15964
(5.2) (4.68,2.21) 22887
(-1,2) (-0.93,1.83) 12412
(3.-2) (2.66,-1.55) 16204
[3red] (0,0 (0.00,0.00) 11646
(2,0) (1.98,0.02) 0 (-3175.591885)
(4,0) (3.72,0.28) 1706
(2,2) (2.01,1.88) 12560
(4,2) (3.74,2.15) 12202
(2,-2) (1.94,-1.85) 10418
(4,-2) (3.66,-1.53) 11109
[4] (1,0) (1.06,-0.05) 3854
(3,0) (2.93,0.06) 1179
(5,0) (4.49,0.50)° 0 (-3480.898520)
[60x] (1,1) (1.15,0.87) 5602
(3.1) (3.00,0.97) 3376
(5,1) (4.52,1.44) 1227
(1-1) (0.98,-0.97) 6131
(5.-1) (4.47,-0.35) 0 (-3635.591784)
7 (2,1) (2.04,0.95) 1797
(4,1) (3.92,1.11) 2848
(2-,1) (1.98,-0.99) 0 (-3250.508384)
(4,-1) (3.67,-0.68) 3404

5 [1](5,0) and [4](5,0) were found to have a significant
spin density localized at the porphyrin ligand (about
0.5 electrons). However, this is not indicative of a
mi-radical configuration of these cases, because the
unpaired electron responsible for this effect occupies
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Figure Al4: Upper panel: mIR product spec-

trum of the photolysis of [1] with
16 pJ, 400 nm-pump pulses in
room-temperature DCM/DCM-
ds solution, averaged over pump-
probe delays from 150ps to
3.5ns.  Other panels: DFT-
predicted IR absorption spec-
tra of [7](2,1) (red), [7](4,1)
(green), and [7](4,-1) (blue), ob-
tained by convolution of the stick
spectra with a Lorentzian func-
tion (FWHM = 10cm™). In all
panels, an optical density of one
is equivalent to an extinction co-
efficient of ca. 3000 M cm™1
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Table A9: Energetically lowest excitations of significant por—Fe CT character of [1], [2], and
[3red] for three spin multiplicities, calculated by TD-DFT. Root numbers, assign-
ments from NTO analyses, and excitation energies.

complex . AV
root assignment
(5(FeX). 5 (por)) ® / em’?
[1](1,0) 11 ag,—d2(Fe) (o + B) 16133
[1](3,0) 5 ap,+d 2(Fe)%d 2.2 (8) 11757
[1](5.0) 3 agu—dyy jayya(Fe &)(3) + aru—regy(a) 14856
2](1,0) 19 ag—dyz(Fe)(a) + mer(FeN)do o(Fe)(5) 26186
[2](3,0) 17 agy—myz(FeN)(8) + a1u—regx(a) 21476
[2](5,0) 9 ag,—my(FeN)(B) + arjy—egx(a) 13674
[3red](0,0) 4 agu%dz (Fe) 20620
[3,eal(20)  >35 >33000
[3redl(4,0) 11 m(por)—o* 2y () 16244
1,350 1437 13921392 1437 " '3yq 1354 1429 1400 1397 1429 1354
106.60_- 124407 10655 | 1078 ‘ 124.25
i 10 6N g o 188 1369 0%
13660 D365, 1311@ @+35.g
1.392 20777 2,080 1392 1 ,396‘;,\‘ 2083 2,084 1.0
12;‘-48 > ) 12423 ’)
(a) [1](5.0). (b) [60x](5.-1).
1337 14491406 1366 1452 1a7 1366 3961440 1380 1M5 135
\ Y wer X & 10586 12495 10663
o434 360 138708 s /17 1¥TN 1 s
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Figure A15: Selected bond lengths (in ) and bond angles (in °) of the tpp? -ligands of four
complexes of distinct electronic structures, as specified in the subtitles. Atomic
color coding: H - white, C - gray, N - blue, O - red, Cl - green, Fe - brown.
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(a) a-173  (ap,) orbital & (b) a-175 (egx) orbital &
vas(por)y mode (1176 cm™). vas(por)y mode (1176 cm™).

Figure A16: Ball-and-stick models of [3,eq4](2,2), isosurface plots of its porphyrin-centered
SOMOs, and displacement vectors of the normal mode va4(por)y (black arrows),
calculated via DFT. The subtitles specify the spin functions, the numbers of
the orbitals (within a «a-spin subset), and their assignments according to the
Gouterman model as well as the computed resonance frequencies of the normal
mode. Isovalues: +0.02. Atomic color coding: H - white, C - gray, N - blue, Fe

- brown.
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Transient 16 pJ, 400 nm-pump,/1300-1370 cm™2-probe spectra and kinetic traces of [1] in room-temperature DCM
solution and ratio of the amplitudes of the residual transient absorption band and the initial bleaching signal in
dependence on the energy of the pump pulse.
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solution, averaged over pump-probe delays from 150 ps to 3500 ps.

Schematic energy level diagrams of the frontier orbitals of [1]. The individual panels show different electron
configurations of an overall quartet multiplicity.

mIR product spectrum of the photolysis of [1] with 16 pJ, 400 nm-pump pulses in room-temperature DCM/DCM-
d> solution, averaged over delays from 150 ps to 3.5ns, and DFT-predicted IR absorption spectra of [1](n,0) (n
=1,3,5).

mIR product spectrum of the photolysis of [1] with 16 pJ, 400 nm-pump pulses in room-temperature DCM/DCM-
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d> solution, averaged over delays from 150 ps to 3.5ns, and DFT-predicted IR absorption spectra of [6ox](5,-1)
and [7](2,-1).

Ball-and-stick models of (a) [60x](5.-1) and (b) [7](2,-1), isosurface plots of their lowest unoccupied and three
highest occupied molecular spin orbitals, and displacement vectors of the normal mode having an unusually high
absorption strength, calculated via DFT.

mIR product spectrum of the photolysis of [1] with 16 pJ, 400 nm-pump pulses in room-temperature DCM/DCM-
d> solution, averaged over delays from 150ps to 3.5ns, and DFT-predicted IR absorption spectra of [1](3,2),
[11(3,-2), and [1](5.2).

mIR product spectrum of the photolysis of [1] with 16 pJ, 400 nm-pump pulses in room-temperature DCM/DCM-
d> solution, averaged over delays from 150 ps to 3.5ns, and DFT-predicted IR absorption spectra of [2](-1,2),
[2](3,2), [2](3.,-2), and [2](5,2).

mIR product spectrum of the photolysis of [1] with 16 pJ, 400 nm-pump pulses in room-temperature DCM/DCM-
dz solution, averaged over delays from 150 ps to 3.5 ns, and DFT-predicted IR absorption spectra of [3,eq](n,£2)
(n =2, 4).

Ball-and-stick models of [3,e4](2,2), isosurface plots of its porphyrin-centered SOMOs, and displacement vectors
of the normal modes having unusually high absorption strengths, calculated via DFT.

(a) & (b) Expansions of the stationary FTIR absorption spectrum of [1] in room-temperature DCM (DCM-d>)
solution. (c) - (j) Ball-and-stick models of [1] and calculated atomic displacement vectors of the normal modes
corresponding to the absorption bands shown in (a) and (b).

Stationary FTIR absorption spectra of [1] and N in the region of the antisymmetric N3-stretching vibration band
and tBuNC in the region of the C=N-stretching vibration band. All spectra were recorded in room-temperature
DCM solution.

Experimental, stationary FTIR absorption spectra of [1] and [6] in room-temperature DCM solution in the region
of the v41 vibration band of the porphyrindiido ligand and inverted, DFT-calculated IR spectra.

Ball-and-stick models of [1](5,0) and isosurface plots of the natural transition orbital pairs of hightest eigenvalues
of selected roots, calculated by TD-DFT.

Transient 12 pJ, 400 nm-pump/1900-2100 cm™-probe spectra of [1] in room-temperature DCM solution at various
pump-probe delays.

Transient 12 pJ, 400 nm-pump/mIR-probe spectra of [1] in room-temperature DCM solution, recorded in the probe
regions from 1410cm™ to 1500 cm™ and from 1550 cm™! to 1620cm™ and at various pump-probe delays.
Transient 3 pJ, 400 nm-pump/1300-1370 cm™1-probe spectra of [1] in room-temperature DCM solution at various
pump-probe delays.

Transient 16 pJ, 400 nm-pump/1300-1370 cm™1-probe spectra and kinetic trace of [1] in room-temperature DCM-
d> solution.

Product spectra of the 16 pJ, 400 nm-pump/1240-1310 cm™-probe experiment of [1], stationary FTIR spectrum
of [1] in the same region, and pseudo-Voigt regression functions.

mIR product spectrum of the 16 pJ, 400 nm-photolysis of [6] in room-temperature DCM/DCM-d5 solution, aver-
aged over pump-probe delays from 150 ps to 250 ps.

61

63

65

68

70

71

72

74

74

75

75

7

80

80

81

83

95

95

95

103

104

104

107
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All

Al12

Al3

Al4

A15
Al6

Al

A2

A3

A4

A5

A6

A7

A8

A9

Normalized transient 35 pJ, UV /Vis-pump/Vis-probe spectra of [1] in room-temperature DCM solution, recorded
at a pump-probe delay of 0.16 ps for different excitation wavelengths.

Transient 35 pJ, 400 nm-pump/Vis-probe spectrum of [1] in room-temperature DCM solution, averaged over pump-
probe delays from 150 ps to 1000 ps, and ratio of the signal strengths of the residual transient absorption at 535 nm
and the initial bleaching signal (415-420 nm) in dependence of the energy of the pump pulse.

Time constants obtained from bi- or triexponential fits of the 400 nm-pump/Vis-probe kinetic traces of [1] in
room-temperature DCM solution.

mIR product spectrum of the photolysis of [1] with 16 pJ, 400 nm-pump pulses in room-temperature DCM/DCM-
d> solution, averaged over pump-probe delays from 150 ps to 3.5 ns, and DFT-predicted IR absorption spectra of
[71(2,1), [71(4.1), and [7](4,-1).

Selected bond lengths and bond angles of the tpp? -ligands of four complexes of distinct electronic structures.
Ball-and-stick models of [3,64](2,2), isosurface plots of its porphyrin-centered SOMOs, and displacement vectors
of the normal mode vaa(por)y, calculated via DFT.

8.7 List of Tables

Bi- or triexponential fit parameters of selected 8 pJ, 400 nm-pump/Vis-probe kinetic traces of the [1] in room-
temperature DCM solution.

Excitation energies, (dipole-length) oscillator strengths, assignment to experimentally observed absorption bands,
and characterization of selected electronic transitions of [1](5,0), calculated by TD-DFT.

Excitation energies and (dipole-length) oscillator strengths of the electronic transitions of [1](5,0) not mentioned
in Table Al, calculated by TD-DFT.

(Multi)exponential fit parameters of the 16 pJ, 400 nm-pump/1300-1370 cm™-probe kinetic traces of [1] in room-
temperature DCM solution.

(Multi)exponential fit parameters of the 16 pJ, 400 nm-pump/1300-1370 cm™-probe kinetic traces of [1] in room-
temperature DCM-d» solution.

Fit parameters of pseudo-Voigt functions describing the signals observed in the product spectra of the 16 pJ,
400 nm-pump,/1240-1310 cm™X-probe experiment of [1] at early and late pump-probe delays, and the stationary
FTIR spectrum of [1] in the same region.

Monoexponential fit parameters of the time-dependent integrals of the functions specified in Table A5.
Simplified electron configurations of the DFT-optimized structures of the complexes relevant for this work for
various feasible spin multiplicities.

Relative energies and calculated distribution of unpaired electrons of the complexes relevant for this work for
different electron configuration.

Energetically lowest excitations of significant por—Fe CT character of [1], [2], and [3,eq] for three spin multiplicities,

calculated by TD-DFT. Root numbers, assignments from NTO analyses, and excitation energies.

8.8 List of Acronyms and Formula Symbols

O vacancy

[1] azido(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+I11), [Fet"!(tpp)(N3)]

[1]* azido(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+I11) in an excited state,
[Fe*1 (tpp) (N3)]*

l lower quantum state

[1ox] azido(5,10,15,20-tetraphenylporphirinidyl)iron(+111), [Fet'(tpp)(N3)]+

[2] nitrido(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+V), [FetV (tpp)(N)]

2 upper quantum state

3] (5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+111), [Fet" (tpp)(0)]*+

[Bred] (5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+I1), [Fet! (tpp)(0)]

(4] tert-butylcarbodiimido(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+l11),
[Fet"(tpp)(NCNtBu)]

[5] bis(tert-butylisonitrilo)(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+I11),
[Fet"!(tpp)(CNtBu)2]*

[5red] bis(tert-butylisonitrilo)(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+I1),
[Fet!(tpp)(CNtBu)2]

[6] chlorido(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+111), [Fe™" (tpp)(CN)]

[60x] chlorido(5,10,15,20-tetraphenylporphirinidyl)iron(+I11), [Fet"(tpp)(Cl)]*

[7 oxido(5,10,15,20-tetraphenylporphirinidyl)iron(+1V), [Fet'V (tpp)(0)]+
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110
110
113
114

115
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96
97
105
106
108
109
111
113

114

117



[8] p-nitrido-bis((5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(+I111,+1V)),
[Fet!!t+V(tpp)]2N

A integral

a high-frequency vibrational mode

aly laj, orbital of metalloporphyrins (assuming Dy, symmetry)
azy 3ay, orbital of metalloporphyrins (assuming Dgp, symmetry)
a& B spin functions

A2.1 Einstein coefficient of spontaneous emission

Qg frequency-integrated extinction coefficient / absorption strength
b low-frequency vibrational mode

B97 Becke's GGA functional

BBO B-barium borate

B12 Einstein coefficient of absorption

Ba,1 Einstein coefficient of stimulated emission

bs beam splitter

c concentration

co speed of light

X anharmonicity constant

cor corrole (with arbitrary substituents)

cor?® corrole-20,21,22-triido (with arbitrary substituents)
COSMO conductor-like screening model

CT charge transfer

cyclam 1,4,8,11-tetraazacyclotetradecane

cyclam-ac 1,4,8,11-tetraazacyclotetradecane-1-acetate

Cys cysteine

d optical path length

D4 Grimme's empirical dispersion correction, version 4

DCM dichloromethane

DCM-d» deuterated dichloromethane

def2-SVP Ahlrichs’ split-valence basis set

def2-TZVP Ahlrichs’ triple-¢ basis set

DFG difference frequency generation

DFT density functional theory

AOD differential optical density

E energy

€ (molar, decadic) extinction coefficient

eg 4eg orbitals of metalloporphyrins (assuming Dy, symmetry)
€g,x 4eg x orbital of metalloporphyrins (assuming Dgyp, symmetry)
egy 4eg,y orbital of metalloporphyrins (assuming Dg4p, symmetry)
ENDOR electron nuclear double resonance

EPR electron paramagnetic resonance

ES excited state

ESA excited state absorption

f filter

f focal length

FHG forth-harmonic generation

FHGS forth-harmonic generation signal

fIR far-infrared

foc fiber optical cable

fosc oscillator strength

fred fractional yield of photoreduction

fox fractional yield of photooxidation

FTIR Fourier-transform infrared

FWHM full width at half maximum

G Gaussian function

r irreducible representation

GGA generalized gradient approximation

GS ground state

GSR ground state recovery

n weighting factor of V},

h Planck constant

HOMO highest occupied molecular orbital
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hwp

MLCT

Ma(a1), Ms(az),
Me(a1), Moaz(b2)
& Moa(b2)

nb

Nd:YAG

v

nlR

NMR

n, N

v

NTO

IZ0)

v37(por)

va(por)

half-wave plate

intensity

internal conversion

integer indices

infrared

intersystem crossing

parameters of O

force constant

Boltzmann constant

first order rate constant

second order rate constant
convex lens

Lorentzian function

integrated second-order rate law
ligand

wavelength

ligand-to-metal charge transfer
lowest unoccupied molecular orbital
metal atom

mirror

electric dipole operator

reduced mass

transition dipole moment

mass

mercury cadmium telluride (detector)
mid-infrared

metal-to-ligand charge transfer
phenyl-centered normal modes

non-bonding

neodymium-doped yttrium aluminum garnet

wavenumber

near-infrared

nuclear magnetic resonance

integer number

frequency

natural transition orbital

frequency of maximal absorbance

Eyu-symmetric combination of the antisymmetric C4—Cy stretching mode
A1g-symmetric combination of the symmetric pyrrole half-ring stretching modes
E,-symmetric combination of the pyrrole quarter-ring stretching and C—H rocking modes
Eu-symmetric combination of the symmetric pyrrole half-ring stretching modes
Eyu-symmetric combination of the antisymmetric pyrrole half-ring stretching modes
Eyu-symmetric combination of the pyrrole C—H rocking modes

Ey-symmetric combination of the pyrrole C—H scissoring modes

antisymmetric azide stretching vibration

symmetric azide stretching vibration

log-normal distribution

90° off-axis parabolic mirror

optical density (absorbance, extinction)
2,3,7,8,12,13,17,18-octaethylporphyrin-21,23-diido
2,3,7,8,12,13,17,18-octaethylporphirinidyl

bandwidth

degeneracy

optical parametric amplifier

optical parametric oscillator

Chai’'s and Head-Gordon's range-separated hybrid functional
porphin-21,23-diido

phenyl

primary quantum yield

polarizer
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rms

rr
RR
R1

pu
SCF
Sc(FeX)
Sc
Se(por)
S(FeX)
SFGS
SHE
SHG

Sl
SOMO
SPA

S(por)

l1/2
TAS

TD-DFT
THG
Ti:Sa
TPA

tpp

porphirinidyl (with arbitrary substituents)
porphyrin-21,23-diido (with arbitrary substituents)

photon

wavefunction

polytetrafluoroethylene

product molecule

charge

quencher

reactant molecule

spatial coordinates

skewness

root mean square

organic substituent

retroreflector

resonance Raman

ratio of signal strengths: AOD(1344cm™, 200ps, Epump) / AOD(1340cm™, 1.0ps,
Epump)

ratio of signal strengths: AOD(535nm, 100-150 ps, Epump) / AOD(415nm-420 nm, 0.8-
1.0ps, Epump)

spectral radiation density

self-consistent field

sum of the (Léwdin) spin populations of an iron atom and all atoms of the axial ligand
(Léwdin) spin population of an atom

sum of the (Léwdin) spin populations of all C and N atoms of a porphyrin ligand
idealized number of unpaired electrons of an iron atom and axial ligand
sum frequency generation signal

standard hydrogen electrode

second-harmonic generation

supporting information

singly occupied molecular orbital

single-photon absorption

idealized number of unpaired electrons of a porphyrin ligand
time constant / lifetime

time

temperature

half-life period

transient absorption spectrometer

pump-probe delay

time-dependent density functional theory

third-harmonic generation

titanium-doped sapphire

two-photon absorption
5,10,15,20-tetraphenylporphyrin-21,23-diido
5,10,15,20-tetraphenylporphirinidyl

ultraviolet

ultraviolet-to-visible

vibrational quantum number

Voigt function

pseudo-Voigt function

vibrational energy relaxation

visible

without pump pulse

with pump pulse

axial ligand

(multi)exponential function

oxidation state

extreme ultraviolet

Cartesian coordinates



8.9 DFT-Optimized Molecular Geometries

1](1,0)
E = -3339.782462711 E},

1](3,0)
E = -3339.794509890 E,

1](5,0)
E = -3339.798057079 Eh

80 80 80

Fe -0.0622021 0.0100912 -0.0085319 Fe -0.0296989 0.0232949 -0.1424284 Fe -0.0530383 0.0098970 -0.2734684
N 1.0911451 -1.5930302 0.2523637 N -0.2254187 -1.9424763 0.1634286 N 0.8554873 -1.7807064 0.2689536
N -1.6806917 -1.1417628 0.1648525 N -1.9990020 0.2217332 0.1468976 N -1.8686169 -0.9134424 0.1217133
N -1.2316119 1.6148014 0.1770614 N 0.1634267 1.9932335 0.1398694 N -1.0001672 1.8063237 0.1692859
N 1.5396504 1.1634802 0.2624510 N 1.9380218 -0.1709474 0.1533188 N 1.7239598 0.9386628 0.2669226
C 2.4592290 -1.6326621 0.2833534 C 0.7711703 -2.8727615 0.0273269 C 2.2031465 -2.0054040 0.2601636
C 0.6918905 -2.9016996 0.1787422 C -1.3880047 -2.6587860 0.2465960 C 0.2563909 -3.0083068 0.2742869
C -1.7135011 -2.5082698 0.1581258 C -2.9252985 -0.7750933 0.2964594 C -2.0905983 -2.2574196 0.2166525
C -2.9907884 -0.7470721 0.1952573 C -2.7135388 1.3860111 0.0950191 C -3.0947527 -0.3142000 0.1153589
C -2.5997411 1.6549329 0.1448368 C -0.8323229 2.9238347 0.0189899 C -2.3451171 2.0323010 0.0908135
C -0.8291651 2.9206556 0.1146917 C 1.3302568 2.7068070 0.2019138 C -0.4006413 3.0327981 0.2099037
C 1.5738094 2.5320928 0.2407741 C 2.8685244 0.8247105 0.2770446 C 1.9433775 2.2842594 0.3442343
C 2.8472094 0.7690355 0.3415206 C 2.6523030 -1.3355409 0.0783607 C 2.9500894 0.3403457 0.3125878
C 2.9255799 -2.9882079 0.2342567 C 0.2197502 -4.1946026 0.0140343 C 2.4600416 -3.4192728 0.2523348
C 1.8333044 -3.7728049 0.1669715 C -1.1131826 -4.0635890 0.1677231 C 1.2606419 -4.0374618 0.2681056
C -3.0680877 -2.9790513 0.2147453 C -4.2442338 -0.2183506 0.3710134 C -3.5036903 -2.5105348 0.2848947
C -3.8584725 -1.8885589 0.2433459 C -4.1143814 1.1161381 0.2315610 C -4.1227562 -1.3129140 0.2184122
C -3.0608141 3.0099843 0.0558440 C -0.2765647 4.2445109 -0.0173933 C -2.5979011 3.4469909 0.0600359
C -1.9649119 3.7933232 0.0323763 C 1.0585407 4.1111553 0.1101836 C -1.4000466 4.0634723 0.1375453
C 2.9275162 3.0003497 0.3472250 C 4.1882287 0.2670644 0.3255758 C 3.3528729 2.5380331 0.4723966
C 3.7148876 1.9098836 0.4081787 C 4.0553283 -1.0668026 0.1807697 C 3.9739425 1.3402268 0.4429544
C -0.6147059 -3.3539749 0.1342595 C -2.6666132 -2.1347342 0.3430861 C -1.1147267 -3.2506436 0.2635906
C -3.4469636 0.5600771 0.1719034 C -2.1921094 2.6644595 -0.0197346 C -3.3378914 1.0566097 0.0607515
C 0.4804379 3.3747420 0.1452457 C 2.6089705 2.1850342 0.3009038 C 0.9676904 3.2762114 0.3014699
C 3.3044564 -0.5375450 0.3318547 C 2.1276236 -2.6107333 -0.0451330 C 3.1950174 -1.0290145 0.2657971
C -0.8568748 -4.8263056 0.0752998 C -3.8160153 -3.0787612 0.4669501 C -1.5717226 -4.6718517 0.3038360
C -4.9201898 0.7999814 0.1574775 C -3.1401960 3.8098110 -0.1473413 C -4.7605193 1.5052929 -0.0075147
C 0.7264122 4.8465604 0.0867534 C 3.7600297 3.1305962 0.3963216 C 1.4213392 4.6985769 0.3532254
C 4.7784813 -0.7751807 0.3352193 C 3.0701890 -3.7468941 -0.2646490 C 4.6187984 -1.4765740 0.2100164
C -0.6864254 -5.6227667 1.2119337 C -4.0556414 -3.7493905 1.6703426 C -1.4345693 -5.4317016 1.4700264
C -1.2601870 -5.4264533 -1.1214092 C -4.6668674 -3.3069106 -0.6194219 C -2.1442052 -5.2626749 -0.8273401
C -5.6634559 0.5605888 -1.0025880 C -3.8116564 4.0321584 -1.3536293 C -5.4996504 1.3265088 -1.1812963
C -5.5752023 1.2685643 1.3004220 C -3.3731882 4.6712587 0.9295362 C -5.3750697 2.1044125 1.0968318
C 0.4992025 5.6518448 1.2070912 C 4.0182620 3.8151232 1.5878569 C 1.2397331 5.4620743 1.5106796
C 1.1947578 5.4365049 -1.0911977 C 4.5941289 3.3450854 -0.7057421 C 2.0362685 5.2849277 -0.7576225
C 5.4956244 -0.7092333 -0.8634483 C 3.5393344 -4.0015559 -1.5573509 C 5.3224708 -1.3905496 -0.9956810
C 5.4539879 -1.0668388 1.5233077 C 3.4929646 -4.5558972 0.7937545 C 5.2612613 -1.9845208 1.3428250
C -0.9148923 -6.9964190 1.1530994 C -5.1300637 -4.6295075 1.7875264 C -1.8622022 -6.7577177 1.5049070
C -1.4872661 -6.8002570 -1.1812607 C -5.7405264 -4.1876462 -0.5032421 C -2.5705490 -6.5889678 -0.7937576
C -7.0385674 0.7861920 -1.0195000 C -4.6974213 5.1005162 -1.4824675 C -6.8283440 1.7411902 -1.2505683
C -6.9507467 1.4928478 1.2845563 C -4.2596067 5.7389707 0.8015350 C -6.7042177 2.5179676 1.0288200
C 0.7378227 7.0238705 1.1512603 C 5.0942847 4.6965513 1.6778267 C 1.6658782 6.7882766 1.5571871
C 1.4323991 6.8086779 -1.1479913 C 5.6695639 4.2267711 -0.6165205 C 2.4615058 6.6113083 -0.7122514
C 6.8713294 -0.9324103 -0.8712582 C 4.4226525 -5.0554843 -1.7849081 C 6.6501438 -1.8084741 -1.0656688
C 6.8303146 -1.2888415 1.5144746 C 4.3774828 -5.6085591 0.5635220 C 6.5898203 -2.4007087 1.2721462
C -1.3153678 -7.5881395 -0.0440496 C -5.9750767 -4.8500367 0.7009913 C -2.4308966 -7.3394766 0.3728053
C -7.6852628 1.2524915 0.1242893 C -4.9227890 5.9564645 -0.4054643 C -7.4336423 2.3380201 -0.1456445
C 1.2050532 7.6051866 -0.0266667 C 5.9224591 4.9037786 0.5758590 C 2.2776231 7.3658424 0.4455684
C 7.5411479 -1.2221014 0.3170860 C 4.8434875 -5.8597812 -0.7263472 C 7.2864050 -2.3137308 0.0675418
H 3.9631977 -3.2815870 0.2421152 H 0.7972676 -5.0986422 -0.0960611 H 3.4402461 -3.8687815 0.2335951
H 1.7855669 -4.8482876 0.1061456 H -1.8616695 -4.8389092 0.2048040 H 1.0603417 -5.0971053 0.2625051
H -3.3586661 -4.0170972 0.2433406 H -5.1462235 -0.7912443 0.5149077 H -3.9530682 -3.4853704 0.3884340
H -4.9343209 -1.8431748 0.2995097 H -4.8869597 1.8684879 0.2401134 H -5.1812031 -1.1092117 0.2564785
H -4.0962174 3.3067568 0.0064599 H -0.8503572 5.1507964 -0.1263112 H -3.5735624 3.9001217 -0.0152707
H -1.9124235 4.8679583 -0.0389510 H 1.8098218 4.8844576 0.1248640 H -1.1973538 5.1227032 0.1388772
H 3.2185262 4.0383015 0.3748226 H 5.0935852 0.8398718 0.4469914 H 3.7978672 3.5148393 0.5764981
H 4.7888160 1.8607920 0.4931233 H 4.8268508 -1.8200344 0.1588497 H 5.0303527 1.1353218 0.5172096
H -0.3734249 -5.1557138 2.1501984 H -3.3919137 -3.5736559 2.5217575 H -0.9907862 -4.9725371 2.3580332
H -0.7808997 -7.6081073 2.0495044 H -5.3093799 -5.1442714 2.7353942 H -1.7523893 -7.3394183 2.4242371
H -1.4938280 -8.6658644 -0.0907590 H -6.8180021 -5.5403806 0.7925103 H -2.7658479 -8.3799335 0.3997568
H -1.7985506 -7.2581449 -2.1241266 H -6.3964457 -4.3595622 -1.3609737 H -3.0120148 -7.0395186 -1.6868717
H -1.3927103 -4.8055052 -2.0119351 H -4.4780202 -2.7886550 -1.5639031 H -2.2498620 -4.6726961 -1.7422299
H -5.1519714 0.1974951 -1.8986005 H -3.6296919 3.3600660 -2.1970965 H -5.0212960 0.8605788 -2.0475324
H -7.6078402 0.5987053 -1.9340255 H -5.2125422 5.2666385 -2.4325040 H -7.3934764 1.5987845 -2.1757200
H -8.7641475 1.4294728 0.1112334 H -5.6171869 6.7949544 -0.5066482 H -8.4760262 2.6635761 -0.1999037
H -7.4519946 1.8560938 2.1859170 H -4.4349543 6.4038916 1.6516717 H -7.1737430 2.9811413 1.9009623
H -4.9965320 1.4557964 2.2094920 H -2.8539308 4.4968115 1.8763311 H -4.8018216 2.2417396 2.0182030
H 0.1346814 5.1929560 2.1306597 H 3.3680081 3.6494322 2.4515925 H 0.7619092 5.0058715 2.3824400
H 0.5601715 7.6422988 2.0353602 H 5.2881896 5.2226099 2.6165886 H 1.5212150 7.3733174 2.4695724
H 1.3927651 8.6814584 -0.0706187 H 6.7669246 5.5947317 0.6462004 H 2.6119580 8.4062310 0.4817723
H 1.7967220 7.2581254 -2.0757926 H 6.3127934 4.3871917 -1.4860129 H 2.9377004 7.0584467 -1.5890974
H 1.3722155 4.8087462 -1.9690780 H 4.3915861 2.8147392 -1.6406777 H 2.1778787 4.6912737 -1.6653298
H 4.9613337 -0.4847538 -1.7917165 H 3.1980691 -3.3666050 -2.3813483 H 4.8151346 -0.9981109 -1.8826458
H 7.4232687 -0.8813371 -1.8137138 H 4.7831588 -5.2496592 -2.7986834 H 7.1896831 -1.7413177 -2.0142334
H 8.6205090 -1.3971760 0.3098894 H 5.5367383 -6.6859745 -0.9069276 H 8.3281075 -2.6414753 0.0116277
H 7.3502553 -1.5147889 2.4495417 H 4.7056272 -6.2352384 1.3974093 H 7.0840627 -2.7941554 2.1647212
H 4.8928848 -1.1188954 2.4608213 H 3.1257281 -4.3547098 1.8044509 H 4.7117779 -2.0508840 2.2863700
N 0.0067038 0.0110614 -1.8785424 N 0.0245532 -0.0280155 -2.1131701 N 0.1530499 -0.0185684 -2.1761057
N 1.1047512 -0.1270288 -2.3723848 N 0.7632726 -0.7664104 -2.6991825 N 1.1927099 -0.1764775 -2.7602214
N 2.1019569 -0.2525206 -2.8891609 N 1.4587835 -1.4600250 -3.2723427 N 2.1562543 -0.3225719 -3.3353128

[1](3.2) [1](5.2) [1(3-2)
E = -3339.740416990 Eh FE = -3339.745913851 Eh E = -3339.750894495 Eh

80 80 80

Fe -0.0346216 0.0057615 -0.1142757 Fe -0.0409610 0.0119988 -0.3467768 Fe -0.0344896 0.0216202 -0.0931193
N -0.2474097 -1.9801328 0.1991655 N -0.2336774 -2.0374488 0.1257554 N -0.2456958 -1.9480715 0.1300477
N -1.9989086 0.2200496 0.1881935 N -2.0520466 0.2131621 0.1209814 N -1.9972974 0.2322168 0.2177737
N 0.1819657 1.9952954 0.1394039 N 0.1658062 2.0637649 0.1077852 N 0.1784390 1.9886018 0.1311976
N 1.9290463 -0.1965139 0.1722482 N 1.9811179 -0.1864098 0.0736853 N 1.9288742 -0.1932025 0.2073866
C 0.7483456 -2.9217754 -0.0476416 C 0.7767064 -2.9592423 0.0286953 C 0.7419688 -2.8902668 -0.1009717
C -1.3987747 -2.6808914 0.2975140 C -1.4034573 -2.7396633 0.1326519 C -1.4073247 -2.6625874 0.2232632
C -2.9285573 -0.7651681 0.4609663 C -2.9665927 -0.7929239 0.2889825 C -2.9281906 -0.7525377 0.4733573
C -2.7071948 1.3780364 0.1503027 C -2.7562763 1.3789237 0.2210130 C -2.7099457 1.3893482 0.1730543
C -0.8173087 2.9355337 -0.0893137 C -0.8465899 2.9850228 0.0456768 C -0.8127034 2.9326101 -0.0779420
C 1.3376534 2.6959015 0.2038198 C 1.3354913 2.7661073 0.0789117 C 1.3422892 2.6983541 0.2020126
C 2.8649725 0.7899166 0.4232651 C 2.9016278 0.8203005 0.2086266 C 2.8688324 0.7918775 0.4373627
C 2.6363093 -1.3545135 0.1240161 C 2.6896064 -1.3526674 0.1467559 C 2.6422062 -1.3468218 0.1220363
C 0.1559427 -4.2360285 -0.1389434 C 0.2121568 -4.2854066 -0.0672484 C 0.1590347 -4.2033186 -0.2124873
C -1.1543072 -4.0946906 0.1088773 C -1.1240191 -4.1517716 0.0050531 C -1.1559399 -4.0676595 0.0152586
C -4.2015910 -0.1935471 0.6317830 C -4.2383964 -0.2597361 0.5221196 C -4.2010170 -0.1915255 0.6435301
C -4.0596154 1.1620084 0.4247165 C -4.1048937 1.1179387 0.4765561 C -4.0651312 1.1631770 0.4400974
C -0.2233137 4.2445850 -0.2273992 C -0.2854637 4.3113551 -0.0691384 C -0.2259001 4.2432071 -0.2066444
C 1.0933078 4.1037450 -0.0191467 C 1.0523772 4.1779593 -0.0421114 C 1.0929751 4.1034650 -0.0072453
C 4.1375815 0.2139921 0.5892885 C 4.1793672 0.2868840 0.4001230 C 4.1469738 0.2279385 0.5631622
C 3.9916713 -1.1403265 0.3826687 C 4.0448598 -1.0914798 0.3574514 C 4.0054835 -1.1234890 0.3476419
C -2.6698590 -2.1428271 0.4855764 C -2.6742476 -2.1935946 0.2311006 C -2.6640923 -2.1356431 0.4499521
C -2.1478400 2.6885326 -0.1070431 C -2.1962213 2.6994384 0.0992039 C -2.1541372 2.6857212 -0.0805439
C 2.6105382 2.1664914 0.4091235 C 2.6083260 2.2208412 0.1482703 C 2.6045891 2.1716186 0.4094634

121



C 2.0743086 -2.6648146 -0.1301807 C 2.1267821 -2.6731415 0.0347424 C 2.0819525 -2.6390916 -0.1444339
C -3.8121429 -3.0771960 0.6705401 C -3.8323236 -3.1248389 0.2898565 C -3.8052464 -3.0739378 0.6277709
C -3.1085543 3.7999299 -0.3356741 C -3.1613222 3.8295225 0.0528999 C -3.1123217 3.8003681 -0.3011523
C 3.7529210 3.1057800 0.5630586 C 3.7681675 3.1516223 0.1688558 C 3.7510396 3.1107661 0.5469712
C 3.0331548 -3.7509637 -0.4640067 C 3.0920412 -3.7995576 -0.0651865 C 3.0348839 -3.7423697 -0.4367930
C -3.9227523 -3.8436962 1.8356747 C -3.9978617 -3.9874483 1.3787602 C -3.8901356 -3.8742936 1.7714390
C -4.7909537 -3.2045227 -0.3215065 C -4.7740593 -3.1478455 -0.7456114 C -4.8016863 -3.1722944 -0.3495455
C -3.8784051 3.8271034 -1.5043045 C -4.0363073 3.9590576 -1.0322549 C -3.8993468 3.8160651 -1.4583160
C -3.2708027 4.8161830 0.6112286 C -3.2150596 4.7707315 1.0862608 C -3.2546736 4.8286750 0.6357871
C 3.8273178 3.9553884 1.6722195 C 3.9661597 4.0180904 1.2491883 C 3.8739017 3.9178640 1.6821745
C 4.7660286 3.1598791 -0.4012556 C 4.6787713 3.1698655 -0.8942416 C 4.7135501 3.2037340 -0.4644315
C 3.6596831 -3.7432757 -1.7162838 C 3.9099762 -3.9176136 -1.1953579 C 3.6844074 -3.7741894 -1.6758328
C 3.3323703 -4.7649561 0.4501649 C 3.2016338 -4.7460940 0.9585654 C 3.3070143 -4.7330293 0.5108747
C -4.9947168 -4.7174235 2.0087914 C -5.0836920 -4.8595743 1.4310317 C -4.9557151 -4.7572587 1.9372103
C -5.8581598 -4.0835897 -0.1516186 C -5.8537543 -4.0259389 -0.6970589 C -5.8628857 -4.0594420 -0.1860825
C -4.7811098 4.8630057 -1.7286417 C -4.9354324 5.0204643 -1.0897226 C -4.8003870 4.8537617 -1.6815863
C -4.1799736 5.8498662 0.3890339 C -4.1220967 5.8278213 1.0324430 C -4.1631804 5.8629108 0.4147990
C 4.8963332 4.8369501 1.8192281 C 5.0531447 4.8901845 1.2657998 C 4.9460006 4.7998825 1.8072939
C 5.8341636 4.0427140 -0.2556516 C 5.7594312 4.0480782 -0.8810911 C 5.7807950 4.0903728 -0.3416928
C 4.5637873 -4.7488022 -2.0488267 C 4.8094839 -4.9747527 -1.3044137 C 4.5904510 -4.7927281 -1.9611137
C 4.2459512 -5.7647768 0.1163140 C 4.1098355 -5.7982670 0.8523158 C 4.2187261 -5.7480907 0.2234621
C -5.9637626 -4.8410952 1.0143636 C -6.0122857 -4.8825961 0.3920997 C -5.9428376 -4.8527023 0.9579994
C -4.9331775 5.8775040 -0.7828834 C -4.9814479 5.9568618 -0.0569020 C -4.9351793 5.8788615 -0.7451495
C 5.9035484 4.8818393 0.8560796 C 5.9502099 4.9091160 0.1994204 C 5.9005351 4.8883090 0.7955442
C 4.8614942 -5.7588472 -1.1334658 C 4.9126409 -5.9165794 -0.2805605 C 4.8613690 -5.7796071 -1.0129030
H 0.7048737 -5.1405363 -0.3491770 H 0.7823212 -5.1933481 -0.1815111 H 0.7131418 -5.1036752 -0.4241871
H -1.9160450 -4.8575015 0.1312559 H -1.8705697 -4.9284608 -0.0384427 H -1.9149281 -4.8332768 0.0243800
H -5.1011307 -0.7367606 0.8718889 H -5.1360077 -0.8268959 0.7082835 H -5.0999636 -0.7395749 0.8734003
H -4.8190919 1.9262104 0.4672366 H -4.8751923 1.8584172 0.6194841 H -4.8311083 1.9209944 0.4804097
H -0.7707883 5.1473624 -0.4462840 H -0.8584656 5.2196894 -0.1643236 H -0.7781600 5.1459203 -0.4115126
H 1.8567887 4.8644020 -0.0369116 H 1.7972150 4.9544494 -0.1110809 H 1.8549770 4.8659370 -0.0183057
H 5.0414451 0.7551573 0.8170625 H 5.0829265 0.8542070 0.5537483 H 5.0532143 0.7755429 0.7652662
H 4.7520945 -1.9043486 0.4072478 H 4.8199512 -1.8322068 0.4697358 H 4.7709214 -1.8826954 0.3448343
H -3.1599746 -3.7463696 2.6136091 H -3.2699456 -3.9652695 2.1946729 H -3.1132757 -3.7982478 2.5372711
H -5.0742630 -5.3046978 2.9277158 H -5.2050533 -5.5237785 2.2910145 H -5.0155785 -5.3741449 2.8379989
H -6.8030644 -5.5294577 1.1481323 H -6.8627538 -5.5685629 0.4313665 H -6.7768980 -5.5476183 1.0862752
H -6.6127717 -4.1778123 -0.9371699 H -6.5772583 -4.0410696 -1.5166544 H -6.6321863 -4.1320242 -0.9595244
H -4.7048409 -2.6104706 -1.2353871 H -4.6491189 -2.4732320 -1.5969069 H -4.7352371 -2.5500846 -1.2462286
H -3.7583573 3.0292424 -2.2425155 H -4.0009986 3.2209279 -1.8381492 H -3.7931123 3.0081925 -2.1877367
H -5.3703062 4.8784098 -2.6497498 H -5.6057687 5.1170313 -1.9480537 H -5.4022576 4.8622662 -2.5942561
H -5.6426578 6.6909914 -0.9579057 H -5.6909172 6.7875985 -0.1008341 H -5.6455642 6.6912485 -0.9199251
H -4.3006874 6.6378413 1.1375746 H -4.1577891 6.5538980 1.8491380 H -4.2694696 6.6596302 1.1562697
H -2.6838094 4.7868203 1.5335560 H -2.5435798 4.6647659 1.9429471 H -2.6527914 4.8108411 1.5488298
H 3.0392171 3.9175351 2.4296269 H 3.2629697 3.9989860 2.0865981 H 3.1218258 3.8477489 2.4734100
H 4.9409981 5.4909051 2.6939532 H 5.2002517 5.5573988 2.1194221 H 5.0357991 5.4223169 2.7017298
H 6.7435626 5.5732886 0.9690574 H 6.8013157 5.5953466 0.2104274 H 6.7405986 5.5811118 0.8930727
H 6.6149562 4.0762115 -1.0202140 H 6.4582634 4.0596883 -1.7218611 H 6.5236834 4.1587699 -1.1409018
H 4.7066309 2.5050713 -1.2750718 H 4.5293508 2.4914486 -1.7387027 H 4.6153914 2.5772573 -1.3554870
H 3.4185101 -2.9473448 -2.4279390 H 3.8288538 -3.1753781 -1.9947351 H 3.4573537 -2.9998369 -2.4146209
H 5.0409172 -4.7477009 -3.0324361 H 5.4350910 -5.0635719 -2.1966432 H 5.0878192 -4.8166036 -2.9346255
H 5.5754685 -6.5431723 -1.3988271 H 5.6222468 -6.7440080 -0.3659645 H 5.5754293 -6.5763446 -1.2394233
H 4.4757535 -6.5517545 0.8397727 H 4.1911688 -6.5284837 1.6620327 H 4.4283564 -6.5172572 0.9719782
H 2.8483824 -4.7651659 1.4310329 H 2.5735208 -4.6484911 1.8485523 H 2.8040227 -4.7025997 1.4815826
N -0.0069804 -0.0625069 -2.0804230 N -0.0045811 -0.0215334 -2.2450659 N 0.0222047 0.0191225 -2.0702945
N 0.8867844 -0.5630457 -2.7011832 N 0.8790017 -0.3834237 -2.9776284 N 0.8306758 -0.6620104 -2.6332583
N 1.7238028 -1.0364212 -3.3070911 N 1.6863169 -0.7166594 -3.6948286 N 1.5942844 -1.2980744 -3.1863577
[2](1.0) [2](3.0) [2](5.0)
E = -3230.225223285 Eh E = -3230.195009259 Eh E = -3230.170894933 Eh
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Fe -0.0372307 0.0233909 -0.1819311 Fe -0.0209164 0.0250056 -0.0326506 Fe -0.0371176 0.0240861 -0.1946387
N -0.2198201 -1.9329243 0.1422665 N -0.2268813 -1.9447469 0.1108871 N -0.2260874 -1.9871848 0.1158037
N -2.0232026 0.2159432 0.0856491 N -2.0067376 0.2262615 0.2246684 N -2.0692609 0.2200778 0.1574348
N 0.1574564 1.9766507 0.1530421 N 0.1756325 1.9914182 0.1345600 N 0.1631920 2.0332181 0.1264919
N 1.9574344 -0.1713378 0.0137940 N 1.9463403 -0.1774104 0.0845360 N 2.0064939 -0.1741817 0.0810731
C 0.7828267 -2.8657235 0.0737594 C 0.7652744 -2.8767949 -0.0117968 C 0.7873846 -2.9032616 0.0363038
C -1.3860273 -2.6529881 0.1692815 C -1.3993796 -2.6568882 0.1400142 C -1.3987171 -2.6919654 0.1025314
C -2.9470340 -0.7842879 0.1643036 C -2.9334338 -0.7701264 0.3232192 C -2.9775610 -0.7906258 0.2295768
C -2.7380830 1.3767605 0.1124350 C -2.7158533 1.3895437 0.2159762 C -2.7675427 1.3867468 0.2089905
C -0.8468550 2.9098361 0.1286776 C -0.8277092 2.9240027 0.0527225 C -0.8524814 2.9496654 0.0886847
C 1.3240377 2.6966842 0.1448956 C 1.3418228 2.7044324 0.1257818 C 1.3344278 2.7381317 0.0740123
C 2.8835867 0.8283361 0.0673784 C 2.8806734 0.8188865 0.1731080 C 2.9168668 0.8361873 0.1292029
C 2.6727038 -1.3322795 0.0066332 C 2.6579068 -1.3464250 0.0547074 C 2.7058620 -1.3411142 0.0984840
C 0.2329775 -4.1898040 0.0691023 C 0.2064629 -4.1947153 -0.0856572 C 0.2322589 -4.2251750 -0.0464166
C -1.1057444 -4.0585066 0.1330151 C -1.1310421 -4.0590307 0.0188228 C -1.1124652 -4.0953218 -0.0033107
C -4.2748819 -0.2386233 0.2505295 C -4.2542431 -0.2155769 0.4393969 C -4.3045179 -0.2395894 0.3667280
C -4.1457581 1.1003143 0.2132811 C -4.1202080 1.1223555 0.3645367 C -4.1753355 1.1021913 0.3515313
C -0.2974113 4.2340831 0.1178831 C -0.2721141 4.2432656 -0.0269696 C -0.3006532 4.2719865 -0.0069536
C 1.0426822 4.1024905 0.1326092 C 1.0679795 4.1084817 0.0260046 C 1.0447832 4.1420232 -0.0136100
C 4.2135889 0.2822923 0.1030058 C 4.2042136 0.2587049 0.2383501 C 4.2478949 0.2840277 0.2142231
C 4.0830603 -1.0563718 0.0608962 C 4.0672756 -1.0764023 0.1557633 C 4.1180087 -1.0575366 0.1926966
C -2.6730189 -2.1410630 0.1916134 C -2.6733062 -2.1311896 0.2712540 C -2.6841205 -2.1526292 0.1811573
C -2.2083698 2.6559881 0.1041553 C -2.1863180 2.6664510 0.0916665 C -2.2183925 2.6666609 0.1462795
C 2.6109121 2.1848796 0.1151859 C 2.6247925 2.1776576 0.1792752 C 2.6219695 2.1983193 0.1022179
C 2.1428462 -2.6114868 0.0053913 C 2.1301179 -2.6206207 -0.0334132 C 2.1546282 -2.6205773 0.0462005
C -3.8198332 -3.0950448 0.2490962 C -3.8268220 -3.0771342 0.3372462 C -3.8320598 -3.1079188 0.2129731
C -3.1519440 3.8126227 0.0868941 C -3.1334613 3.8179807 0.0144768 C -3.1655441 3.8217433 0.1412721
C 3.7587857 3.1391529 0.1354708 C 3.7795553 3.1227017 0.2246285 C 3.7700923 3.1538109 0.1000300
C 3.0848410 -3.7680407 -0.0525212 C 3.0705414 -3.7758201 -0.1329900 C 3.1000344 -3.7762056 0.0006287
C -4.1068669 -3.7913923 1.4274863 C -4.0782748 -3.8087510 1.5020065 C -4.0687516 -3.8971346 1.3432478
C -4.6273612 -3.3004579 -0.8740282 C -4.6701659 -3.2443097 -0.7656742 C -4.6870790 -3.2263066 -0.8875873
C -3.8607979 4.1252387 -1.0773223 C -3.8544528 4.0563191 -1.1597314 C -3.9617002 4.0761643 -0.9802078
C -3.3453165 4.5953094 1.2297039 C -3.3158231 4.6693890 1.1087220 C -3.2746160 4.6612724 1.2546800
C 4.0894091 3.8294829 1.3059474 C 4.0604920 3.8438370 1.3894756 C 4.0457486 3.9356565 1.2266135
C 4.5221762 3.3528787 -1.0166309 C 4.5964703 3.3008226 -0.8966441 C 4.5863264 3.2798367 -1.0287617
C 3.7590715 -4.0686576 -1.2402471 C 3.7620317 -4.0213404 -1.3234851 C 3.8545895 -4.0262863 -1.1501872
C 3.3109142 -4.5630980 1.0756941 C 3.2739104 -4.6276820 0.9575532 C 3.2470338 -4.6221682 1.1047872
C -5.1823881 -4.6759671 1.4828002 C -5.1555864 -4.6908837 1.5642777 C -5.1399928 -4.7879850 1.3730998
C -5.7025197 -4.1856004 -0.8200095 C -5.7465790 -4.1273866 -0.7046250 C -5.7574741 -4.1183557 -0.8593396
C -4.7446948 5.2025519 -1.0998297 C -4.7399562 5.1295685 -1.2396352 C -4.8497205 5.1501166 -0.9889681
C -4.2296872 5.6722291 1.2084338 C -4.2024905 5.7418180 1.0299931 C -4.1639887 5.7342834 1.2475625
C 5.1635870 4.7172252 1.3246845 C 5.1398987 4.7243857 1.4341614 C 5.1174692 4.8264130 1.2253038
C 5.5959850 4.2411434 -0.9991579 C 5.6755103 4.1817774 -0.8533553 C 5.6570906 4.1719065 -1.0316929
C 4.6408649 -5.1462783 -1.3000947 C 4.6382875 -5.1006376 -1.4232255 C 4.7379814 -5.1031109 -1.1971573
C 4.1931134 -5.6403549 1.0170561 C 4.1508101 -5.7063380 0.8592305 C 4.1317920 -5.6979798 1.0594345
C -5.9827570 -4.8751237 0.3588107 C -5.9921741 -4.8520508 0.4608950 C -5.9866094 -4.9011406 0.2712773
C -4.9311438 5.9786025 0.0431322 C -4.9159851 5.9746681 -0.1449159 C -4.9533776 5.9814557 0.1253201
C 5.9192125 4.9253707 0.1717105 C 5.9501006 4.8951424 0.3126189 C 5.9253599 4.9471002 0.0955345
C 4.8597573 -5.9348034 -0.1715299 C 4.8343044 -5.9458737 -0.3321536 C 4.8788353 -5.9414278 -0.0922345
H 0.8127004 -5.0969177 0.0111884 H 0.7787086 -5.1008564 -0.2039282 H 0.8059196 -5.1341431 -0.1351235
H -1.8535084 -4.8351675 0.1380412 H -1.8837497 -4.8310729 0.0058865 H -1.8537387 -4.8773434 -0.0498392
H -5.1764891 -0.8223057 0.3462096 H -5.1567238 -0.7928313 0.5618780 H -5.2085988 -0.8180811 0.4732471
H -4.9187855 1.8498679 0.2721532 H -4.8891723 1.8767542 0.4148231 H -4.9523448 1.8447792 0.4423978
H -0.8787735 5.1415903 0.0899976 H -0.8488379 5.1503182 -0.1125988 H -0.8769161 5.1814702 -0.0699016
H 1.7901412 4.8793311 0.1189582 H 1.8193557 4.8809320 -0.0112660 H 1.7837446 4.9245213 -0.0831378
H 5.1180656 0.8653950 0.1714190 H 5.1108128 0.8336078 0.3393070 H 5.1553814 0.8616696 0.2926986
H 4.8575784 -1.8061967 0.0877953 H 4.8373456 -1.8310862 0.1756939 H 4.8975878 -1.8008107 0.2496277
H -3.4790465 -3.6314847 2.3087294 H -3.4209143 -3.6799399 2.3666202 H -3.4050235 -3.8048428 2.2076841
H -5.3983086 -5.2105905 2.4119004 H -5.3434682 -5.2544861 2.4822903 H -5.3156861 -5.3958617 2.2649040
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H -6.8267783 -5.5688833 0.4018472 H -6.8373762 -5.5440367 0.5093496 H -6.8266148 -5.6007105 0.2938263
H -6.3241170 -4.3388942 -1.7064151 H -6.3964597 -4.2516322 -1.5751528 H -6.4150431 -4.2044358 -1.7287167
H -4.4038160 -2.7594561 -1.7979243 H -4.4733226 -2.6759101 -1.6791642 H -4.5031714 -2.6135803 -1.7747321
H -3.7109675 3.5153099 -1.9727225 H -3.7121994 3.3919786 -2.0168518 H -3.8765171 3.4237383 -1.8538844
H -5.2891661 5.4384828 -2.0182505 H -5.29041413 5.3079606 -2.1651968 H -5.4631474 5.3395576 -1.8741016
H -5.6247630 6.8236687 0.0259650 H -5.6110165 6.8164455 -0.2073718 H -5.6508075 6.8235247 0.1192522
H -4.3735288 6.2744586 2.1097204 H -4.3381595 6.3985069 1.8937298 H -4.2429719 6.3797148 2.1266882
H -2.7961264 4.3513564 2.1436282 H -2.7563483 4.4836278 2.0300664 H -2.6567863 4.4639400 2.1354233
H 3.4963404 3.6629439 2.2097489 H 3.4245591 3.7068222 2.2687532 H 3.4120906 3.8377016 2.1127169
H 5.4134600 5.2475990 2.2476898 H 5.3508301 5.2785217 2.3529178 H 5.3240778 5.4282930 2.1145470
H 6.7617917 5.6220680 0.1857919 H 6.7970476 5.5858216 0.3471352 H 6.7656467 5.6466924 0.0935821
H 6.1824055 4.4014282 -1.9080309 H 6.3043563 4.3135405 -1.7381404 H 6.2842630 4.2638483 -1.9226641
H 4.2646714 2.8164700 -1.9343501 H 4.3767417 2.7424344 -1.8111040 H 4.3715617 2.6731498 -1.9131233
H 3.5836822 -3.4492891 -2.1244644 H 3.6039879 -3.3580565 -2.1786487 H 3.7402016 -3.3686013 -2.0165574
H 5.1580703 -5.3727226 -2.2364888 H 5.1690169 -5.2839105 -2.3615098 H 5.3180060 -5.2897413 -2.1051135
H 5.5515197 -6.7802767 -0.2181388 H 5.5211086 -6.7930638 -0.4103326 H 5.5721675 -6.7861070 -0.1286607
H 4.3627576 -6.2520877 1.9073810 H 4.3025155 -6.3628809 1.7203996 H 4.2400733 -6.3487901 1.9314447
H 2.7889017 -4.3287176 2.0078583 H 2.7379275 -4.4369745 1.8917604 H 2.6621432 -4.4279525 2.0084156
N -0.0650443 0.0305395 -1.7731870 N -0.3369647 0.1294853 -1.7945054 N -0.0705035 0.0372633 -2.0127699
[2](3,2) [2](5.2) [2](-1,2)
E = -3230.152485173 Eh E = -3230.120942978 Eh E = -3230.168671478 Eh

78 78 78

Fe -0.0436804 0.0263084 -0.3598148 Fe -0.0329870 0.0266430 -0.1475538 Fe -0.0052265 0.0008051 -0.2587715
N -0.2275110 -1.9817490 0.0757104 N -0.2253499 -1.9818181 0.0910605 N 0.2993641 -1.9457550 0.0535246
N -2.1025120 0.2251273 0.1033586 N -2.1115297 0.2293014 0.1491203 N -1.9988209 -0.2937684 -0.0238614
N 0.1581070 2.0301241 0.0935695 N 0.1658388 2.0316547 0.1057186 N -0.3087793 1.9461742 0.0627998
N 2.0339296 -0.1749702 0.0092169 N 2.0539307 -0.1802202 0.0834202 N 1.9872344 0.2945411 -0.0216949
C 0.7798781 -2.9077959 -0.0024947 C 0.7834239 -2.9087445 -0.0050694 C 1.4848632 -2.6150276 -0.1734735
C -1.3954852 -2.6972961 0.0642794 C -1.3983780 -2.6943453 0.0569975 C -0.6402240 -2.9224021 0.1886427
C -3.0136448 -0.7880587 0.1825557 C -3.0213738 -0.7829948 0.2256015 C -2.6535651 -1.4906715 0.2218683
C -2.8048954 1.3917715 0.1670349 C -2.8089476 1.3974203 0.1993146 C -2.9656167 0.6392489 -0.1217331
C -0.8515400 2.9568523 0.0616672 C -0.8455006 2.9594900 0.0508212 C -1.4948138 2.6140688 -0.1660733
C 1.3252140 2.7459018 0.0454621 C 1.3377290 2.7442538 0.0476495 C 0.6316799 2.9238185 0.1880435
C 2.9479190 0.8359966 0.0713148 C 2.9664150 0.8308217 0.1369671 C 2.6424467 1.4892706 0.2329022
C 2.7357518 -1.3433682 0.0406275 C 2.7518059 -1.3497391 0.1025141 C 2.9531272 -0.6389104 -0.1276179
C 0.2503450 -4.1986356 -0.0747985 C 0.2498318 -4.1917640 -0.1217400 C 1.2669748 -4.0011366 -0.1921119
C -1.1281350 -4.0653683 -0.0315305 C -1.1333784 -4.0559388 -0.0818550 C -0.0770912 -4.1926598 0.0575182
C -4.3436107 -0.2345438 0.3319717 C -4.3526458 -0.2261932 0.3738811 C -4.0799010 -1.2581398 0.3000422
C -4.2161491 1.1030109 0.3209123 C -4.2233707 1.1107460 0.3547725 C -4.2751142 0.0466478 0.0649901
C -0.3240251 4.2484386 -0.0174212 C -0.3153819 4.2441068 -0.0618942 C -1.2760392 3.9995628 -0.1948536
C 1.0547390 4.1146226 -0.0262926 C 1.0679990 4.1076765 -0.0621230 C 0.0685594 4.1937949 0.0471294
C 4.2816055 0.2783682 0.1707584 C 4.3024427 0.2717460 0.2343950 C 4.0672589 1.2522130 0.3191688
C 4.1510002 -1.0588034 0.1493849 C 4.1708437 -1.0649267 0.2108172 C 4.2631748 -0.0487242 0.0657389
C -2.7166368 -2.1367334 0.1454894 C -2.7202001 -2.1310201 0.1666228 C -2.0591017 -2.7033221 0.3522512
C -2.2560667 2.6604807 0.1190139 C -2.2531422 2.6630059 0.1242947 C -2.7605743 2.0089546 -0.2797523
C 2.6495120 2.1859092 0.0683000 C 2.6627036 2.1795919 0.1031711 C 2.0505059 2.7050264 0.3555718
C 2.1849199 -2.6108046 0.0050283 C 2.1924687 -2.6137080 0.0338167 C 2.7496198 -2.0089558 -0.2909386
C -3.8496474 -3.1009429 0.2021085 C -3.8502958 -3.0992499 0.2174585 C -2.8928107 -3.9067943 0.6134861
C -3.1897764 3.8196214 0.1380344 C -3.1843762 3.8237421 0.1243779 C -3.9519851 2.8721482 -0.4963424
C 3.7855812 3.1466903 0.0967173 C 3.7935526 3.1473045 0.1171577 C 2.8891512 3.9060397 0.6109759
C 3.1188074 -3.7704734 -0.0128457 C 3.1182603 -3.7789130 -0.0066168 C 3.9429031 -2.8703990 -0.5080060
C -4.0530392 -3.8884723 1.3407412 C -4.0370093 -3.9102072 1.3424172 C -2.7970854 -4.5720436 1.8408360
C -4.7246118 -3.2309423 -0.8807771 C -4.7366398 -3.2122498 -0.8580880 C -3.7576542 -4.4033032 -0.3662920
C -4.0383157 4.0616962 -0.9471568 C -4.0416025 4.0432756 -0.9588425 C -4.6718749 2.7817109 -1.6930696
C -3.2364982 4.6784748 1.2418447 C -3.2236260 4.7035049 1.2118336 C -4.3827442 3.7691478 0.4883265
C 4.0107440 3.9477128 1.2222383 C 4.0115233 3.9706563 1.2275491 C 2.7604512 4.6096216 1.8139082
C 4.6479177 3.2560113 -0.9992952 C 4.6504029 3.2484445 -0.9832048 C 3.8004513 4.3597448 -0.3481609
C 3.8936537 -4.0355876 -1.1464379 C 3.9008023 -4.0150859 -1.1415772 C 4.6679922 -2.7721155 -1.7003669
C 3.2391411 -4.6040121 1.1047470 C 3.2170905 -4.6502415 1.0839772 C 4.3741995 -3.7682793 0.4759326
C -5.1188594 -4.7826523 1.3988748 C -5.0987386 -4.8097195 1.3947383 C -3.5622891 -5.7087865 2.0860448
C -5.7862953 -4.1326142 -0.8258163 C -5.7939014 -4.1199931 -0.8095466 C -4.5182629 -5.5461646 -0.1223343
C -4.9180206 5.1425805 -0.9298347 C -4.9246610 5.1218845 -0.9538083 C -5.7962030 3.5764935 -1.9054993
C -4.1216884 5.7536853 1.2622861 C -4.1126023 5.7753426 1.2207628 C -5.5125751 4.5572241 0.2791878
C 5.0867515 4.8315328 1.2547880 C 5.0718079 4.8735926 1.2381812 C 3.5494701 5.7293677 2.0636581
C 5.7196982 4.1466499 -0.9685942 C 5.7081013 4.1560169 -0.9744702 C 4.5801569 5.4893398 -0.1042726
C 4.7734796 -5.1165173 -1.1632992 C 4.7709560 -5.1031724 -1.1858968 C 5.8002026 -3.5579598 -1.9064712
C 4.1247410 -5.6786958 1.0900867 C 4.0934255 -5.7322164 1.0418414 C 5.5100309 -4.5488918 0.2718107
C -5.9868348 -4.9082329 0.3142741 C -5.9792704 -4.9175317 0.3183222 C -4.4230222 -6.2001887 1.1043914
C -4.9633444 5.9901303 0.1754510 C -4.9640419 5.9883114 0.1369248 C -6.2192644 4.4663758 -0.9196130
C 5.9445760 4.9335682 0.1594318 C 5.9212490 4.9704812 0.1362232 C 4.4611115 6.1722299 1.1048084
C 4.8936162 -5.9383713 -0.0441965 C 4.8706061 -5.9623349 -0.0931548 C 6.2251601 -4.4475200 -0.9211794
H 0.8200670 -5.1104804 -0.1499547 H 0.8152359 -5.1040740 -0.2233878 H 2.0201970 -4.7531165 -0.3611485
H -1.8642769 -4.8517370 -0.0669345 H -1.8695281 -4.8408433 -0.1457077 H -0.6125763 -5.1259491 0.1192342
H -5.2452352 -0.8153384 0.4477143 H -5.2562371 -0.8044908 0.4871231 H -4.8140208 -2.0172362 0.5184207
H -4.9920397 1.8444755 0.4276871 H -4.9989868 1.8541044 0.4494919 H -5.2035767 0.5952095 0.0496700
H -0.8926954 5.1629748 -0.0649816 H -0.8815448 5.1584445 -0.1360868 H -2.0282048 4.7513094 -0.3685147
H 1.7888180 4.9015674 -0.0845742 H 1.8018429 4.8936836 -0.1362678 H 0.6021163 5.1287029 0.0964885
H 5.1871368 0.8561333 0.2654389 H 5.2099989 0.8483439 0.3214403 H 4.8037339 2.0036404 0.5533852
H 4.9264855 -1.8046943 0.2206966 H 4.9485009 -1.8098460 0.2742133 H 5.1926922 -0.5950259 0.0489977
H -3.3681176 -3.7925976 2.1874361 H -3.3423866 -3.8280360 2.1830433 H -2.1121358 -4.1927037 2.6046617
H -5.2723338 -5.3871278 2.2969546 H -5.2394806 -5.4322724 2.2824715 H -3.4825304 -6.2178395 3.0503556
H -6.8207132 -5.6139881 0.3583148 H -6.8108946 -5.6262526 0.3598833 H -5.0171403 -7.0980281 1.2955900
H -6.4597868 -4.2292589 -1.6817435 H -6.4761331 -4.2041752 -1.6599604 H -5.1827681 -5.9317522 -0.9005324
H -4.5644018 -2.6224480 -1.7752324 H -4.5870446 -2.5859201 -1.7420446 H -3.8202255 -3.8929673 -1.3319254
H -3.9995678 3.3960184 -1.8139483 H -4.0084604 3.3626032 -1.8141381 H -4.3367852 2.0824875 -2.4644271
H -5.5720716 5.3226663 -1.7874185 H -5.5853312 5.2860583 -1.8093299 H -6.3434646 3.4994292 -2.8489939
H -5.6550519 6.8367320 0.1921728 H -5.6586280 6.8326161 0.1426865 H -7.1029909 5.0889027 -1.0828699
H -4.1557738 6.4122619 2.1344866 H -4.1415063 6.4486409 2.0816370 H -5.8445087 5.2489697 1.0585276
H -2.5738933 4.4927917 2.0916026 H -2.5533439 4.5361072 2.0591149 H -3.8284884 3.8383270 1.4291747
H 3.3376591 3.8671272 2.0806053 H 3.3423061 3.8939323 2.0889527 H 2.0386175 4.2647980 2.5595912
H 5.2571378 5.4449223 2.1437243 H 5.2359787 5.5074833 2.1137488 H 3.4513675 6.2624516 3.0129062
H 6.7884254 5.6293180 0.1838358 H 6.7494236 5.6846588 0.1436618 H 5.0751480 7.0558216 1.2993212
H 6.3827739 4.2241726 -1.8344772 H 6.3673019 4.2275247 -1.8437930 H 5.2836452 5.8390487 -0.8646497
H 4.4699732 2.6402157 -1.8850956 H 4.4756966 2.6135294 -1.8558188 H 3.8889878 3.8233442 -1.2967428
H 3.8018522 -3.3873603 -2.0223707 H 3.8158668 -3.3403985 -1.9982313 H 4.3359362 -2.0730087 -2.4734753
H 5.3686918 -5.3186027 -2.0583172 H 5.3729027 -5.2807107 -2.0814421 H 6.3522195 -3.4754942 -2.8469321
H 5.5892010 -6.7822219 -0.0567111 H 5.5535853 -6.8154767 -0.1264089 H 7.1155785 -5.0616424 -1.0818516
H 4.2166431 -6.3160477 1.9738518 H 4.1715107 -6.4005608 1.9037069 H 5.8392728 -5.2405101 1.0524288
H 2.6375365 -4.3975649 1.9939693 H 2.6033803 -4.4726385 1.9722006 H 3.8143344 -3.8507705 1.4117013
N -0.0812971 0.0392276 -1.9649523 N -0.0623343 0.0380396 -1.9595855 N -0.0052586 0.0083127 -1.8476123

[2(3,-2) [3,e41(0.0) eal(2,0)
E = -3230.151392648 Eh FE = -3175.538819848 Eh E = -3175.591884617 Eh

78 77 77

Fe -0.0436732 0.0243313 -0.3700213 Fe -0.0335138 0.0245411 0.1148158 Fe 0.0007200 0.0007444 0.0003930
N -0.2276948 -1.9843797 0.0741417 N -0.2240701 -1.9620827 0.1064139 N -0.1892349 -1.9818900 0.0003019
N -2.0983481 0.2255044 0.0951588 N -2.0197804 0.2148297 0.1559513 N -1.9815841 0.1905125 0.0337503
N 0.1570994 2.0302436 0.0921099 N 0.1568700 2.0112308 0.1132446 N 0.1906464 1.9831517 0.0061240
N 2.0298930 -0.1769205 0.0099062 N 1.9529684 -0.1658728 0.0836250 N 1.9828122 -0.1891307 -0.0386629
C 0.7783127 -2.9120734 -0.0074690 C 0.7806552 -2.8856736 0.0329822 C 0.8149817 -2.9069294 -0.0766111
C -1.3959982 -2.6991119 0.0582101 C -1.3880909 -2.6780227 0.1093075 C -1.3533506 -2.6993083 0.0017023
C -3.0095896 -0.7871583 0.1814038 C -2.9425530 -0.7912361 0.2210716 C -2.9058306 -0.8152168 0.1020199
C -2.8007320 1.3910536 0.1641997 C -2.7352745 1.3786394 0.1884552 C -2.6985529 1.3543008 0.0675566
C -0.8512082 2.9587873 0.0558531 C -0.8497527 2.9352014 0.0827975 C -0.8156886 2.9086105 -0.0277070
C 1.3248611 2.7445213 0.0435325 C 1.3203434 2.7272422 0.0790962 C 1.3541389 2.7006727 -0.0297799
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C 2.9449268 0.8337801 0.0788652 C 2.8776195 0.8398148 0.1222821 C 2.9089552 0.8160924 0.0036984
C 2.7311595 -1.3452913 0.0456100 C 2.6690179 -1.3298453 0.0822419 C 2.7003976 -1.3532575 -0.0381051
C 0.2471672 -4.2024633 -0.0866768 C 0.2321308 -4.2134102 -0.0402998 C 0.2674262 -4.2323309 -0.1493361
C -1.1308992 -4.0677826 -0.0433090 C -1.1075147 -4.0853048 0.0102387 C -1.0734566 -4.1041147 -0.0972001
C -4.3373567 -0.2346892 0.3413782 C -4.2689208 -0.2444264 0.3250494 C -4.2299329 -0.2692905 0.2049719
C -4.2102005 1.1032752 0.3285155 C -4.1411246 1.0959887 0.3015736 C -4.1020241 1.0723524 0.1801642
C -0.3219122 4.2496488 -0.0251152 C -0.3040538 4.2635136 -0.0006998 C -0.2708529 4.2347135 -0.1109274
C 1.0561295 4.1138674 -0.0308420 C 1.0365102 4.1351978 0.0002730 C 1.0708747 4.1063078 -0.1087976
C 4.2765993 0.2754673 0.1892108 C 4.2068161 0.2923551 0.1749441 C 4.2358904 0.2695637 0.0565405
C 4.1450220 -1.0623663 0.1654499 C 4.0780212 -1.0478846 0.1469094 C 4.1070029 -1.0718531 0.0270126
C -2.7152650 -2.1366961 0.1426842 C -2.6707238 -2.1522187 0.1865708 C -2.6370397 -2.1764357 0.0740232
C -2.2540407 2.6612915 0.1127228 C -2.2101649 2.6626463 0.1313956 C -2.1763697 2.6393233 0.0149908
C 2.6483188 2.1840629 0.0715230 C 2.6048570 2.2010137 0.1064479 C 2.6394788 2.1776189 -0.0064692
C 2.1819672 -2.6146698 0.0034865 C 2.1420308 -2.6133992 0.0345307 C 2.1766362 -2.6376843 -0.0812880
C -3.8505423 -3.0977240 0.2060544 C -3.8210817 -3.1035552 0.2302173 C -3.7872000 -3.1273911 0.1184879
C -3.1896709 3.8184863 0.1300576 C -3.1619648 3.8134228 0.1265409 C -3.1278352 3.7899086 0.0091372
C 3.7854627 3.1439661 0.1029048 C 3.7562592 3.1520318 0.1152048 C 3.7906704 3.1283028 0.0037877
C 3.1189780 -3.7722798 -0.0183303 C 3.0919841 -3.7647140 -0.0139511 C 3.1262292 -3.7887580 -0.1311124
C -4.0507936 -3.8833745 1.3466436 C -4.0730730 -3.8596486 1.3796054 C -4.0412474 -3.8796549 1.2699858
C -4.7309124 -3.2269147 -0.8722368 C -4.6639857 -3.2538247 -0.8757988 C -4.6280414 -3.2806410 -0.9887498
C -4.0407242 4.0563938 -0.9542535 C -3.9346688 4.0896545 -1.0060868 C -3.8964122 4.0684698 -1.1257892
C -3.2357789 4.6801769 1.2318947 C -3.2968281 4.6318769 1.2527263 C -3.2660818 4.6060122 1.1366751
C 4.0068330 3.9484530 1.2266919 C 4.0491029 3.9005599 1.2598355 C 4.0842106 3.8737754 1.1503122
C 4.6523489 3.2499735 -0.9894373 C 4.5598716 3.3089644 -1.0188000 C 4.5934216 3.2877839 -1.1305327
C 3.8973911 -4.0285547 -1.1517878 C 3.8216896 -4.0338293 -1.1764292 C 3.8530868 -4.0583941 -1.2953238
C 3.2401479 -4.6117071 1.0945399 C 3.2655968 -4.5927848 1.0998378 C 3.3021726 -4.6160648 0.9829422
C -5.1185581 -4.7749736 1.4110597 C -5.1463550 -4.7476096 1.4233193 C -5.1151947 -4.7667720 1.3146016
C -5.7959124 -4.1247497 -0.8105742 C -5.7372027 -4.1419901 -0.8340441 C -5.7018390 -4.1680403 -0.9458717
C -4.9233439 5.1350635 -0.9372493 C -4.8241123 5.1625612 -1.0135593 C -4.7851785 5.1419377 -1.1341554
C -4.1240734 5.7527875 1.2519314 C -4.1863330 5.7048207 1.2471495 C -4.1550905 5.6793543 1.1300397
C 5.0831468 4.8318426 1.2603989 C 5.1242067 4.7873138 1.2716438 C 5.1596335 4.7601205 1.1636100
C 5.7255380 4.1387514 -0.9573213 C 5.6349199 4.1958656 -1.0089174 C 5.6687019 4.1743763 -1.1189580
C 4.7820023 -5.1047114 -1.1727273 C 4.7057860 -5.1100661 -1.2257218 C 4.7369351 -5.1347736 -1.3459496
C 4.1315652 -5.6818848 1.0765271 C 4.1500425 -5.6688304 1.0525474 C 4.1863426 -5.6922572 0.9340528
C -5.9931150 -4.8984453 0.3314244 C -5.9812401 -4.8910290 0.3161477 C -5.9482429 -4.9131325 0.2064066
C -4.9683543 5.9851147 0.1663233 C -4.9522831 5.9728816 0.1135632 C -4.9168162 5.9500197 -0.0057973
C 5.9440442 4.9317344 0.1675468 C 5.9199263 4.9372154 0.1368325 C 5.9546421 4.9125807 0.0286163
C 4.9037921 -5.9317679 -0.0575647 C 4.8720973 -5.9304745 -0.1109640 C 4.9055660 -5.9545927 -0.2310858
H 0.8171228 -5.1142325 -0.1637116 H 0.8125938 -5.1180482 -0.1270843 H 0.8475707 -5.1369595 -0.2381759
H -1.8692219 -4.8517842 -0.0821271 H -1.8536273 -4.8630412 -0.0267058 H -1.8195381 -4.8818597 -0.1345540
H -5.2381699 -0.8152559 0.4633416 H -5.1723890 -0.8266468 0.4122741 H -5.1333750 -0.8512858 0.2938754
H -4.9852629 1.8446126 0.4402105 H -4.9180752 1.8410792 0.3656651 H -4.8789777 1.8174294 0.2443706
H -0.8891641 5.1646527 -0.0780403 H -0.8870804 5.1687327 -0.0599976 H -0.8537700 5.1398697 -0.1721571
H 1.7913778 4.9000989 -0.0881493 H 1.7808125 4.9133548 -0.0580481 H 1.8151352 4.8844528 -0.1677898
H 5.1818742 0.8531553 0.2912097 H 5.1130209 0.8739014 0.2336677 H 5.1420496 0.8509129 0.1176600
H 4.9192148 -1.8089504 0.2449671 H 4.8565806 -1.7934068 0.1781098 H 4.8855718 -1.8173330 0.0589885
H -3.3592646 -3.7885221 2.1882583 H -3.4181180 -3.7442411 2.2479222 H -3.3879191 -3.7613275 2.1391408
H -5.2680964 -5.3777578 2.3108498 H -5.3330408 -5.3293173 2.3302489 H -5.3039533 -5.3452945 2.2231233
H -6.8293740 -5.6010982 0.3791673 H -6.8233712 -5.5876352 0.3497111 H -6.7908818 -5.6090813 0.2407836
H -6.4758808 -4.2190977 -1.6617355 H -6.3856146 -4.2513455 -1.7077346 H -6.3487877 -4.2799002 -1.8203170
H -4.5734828 -2.6203301 -1.7685225 H -4.4699846 -2.6666484 -1.7779646 H -4.4316055 -2.6968716 -1.8926055
H -4.0028159 3.3886538 -1.8195576 H -3.8312988 3.4537430 -1.8899360 H -3.7897317 3.4345007 -2.0106479
H -5.5791515 5.3124758 -1.7939187 H -5.4191312 5.3681864 -1.9076635 H -5.3767236 5.3498875 -2.0300119
H -5.6624569 6.8298969 0.1822766 H -5.6501295 6.8146400 0.1085449 H -5.6142528 6.7921110 -0.0115630
H -4.1591620 6.4111879 2.1243473 H -4.2834971 6.3341120 2.1361327 H -4.2552320 6.3068133 2.0199761
H -2.5730952 4.4960125 2.0815563 H -2.6968699 4.4185965 2.1420463 H -2.6695126 4.3903179 2.0277001
H 3.3304943 3.8723937 2.0828175 H 3.4248365 3.7799735 2.1497855 H 3.4606627 3.7506315 2.0404256
H 5.2510298 5.4485447 2.1476089 H 5.3432824 5.3628179 2.1752757 H 5.3795753 5.3331326 2.0686012
H 6.7875426 5.6280285 0.1930171 H 6.7634470 5.6328986 0.1453109 H 6.7985169 5.6078142 0.0384076
H 6.3925137 4.2160352 -1.8201846 H 6.2526713 4.3101704 -1.9039401 H 6.2857802 4.2910012 -2.0141326
H 4.4797844 2.6301187 -1.8731092 H 4.3335944 2.7279635 -1.9174413 H 4.3658927 2.7095583 -2.0306569
H 3.8043361 -3.3747964 -2.0240569 H 3.6882583 -3.3903126 -2.0506974 H 3.7170737 -3.4156546 -2.1697737
H 5.3813463 -5.2974888 -2.0670314 H 5.2660685 -5.3107404 -2.1430915 H 5.2950866 -5.3360335 -2.2644759
H 5.6045801 -6.7706576 -0.0724034 H 5.5655234 -6.7750380 -0.1490084 H 5.5985704 -6.7994423 -0.2703669
H 4.2245411 -6.3229955 1.9576707 H 4.2774674 -6.3058074 1.9321844 H 4.3158382 -6.3287086 1.8137551
H 2.6360861 -4.4128617 1.9840413 H 2.6992803 -4.3852164 2.0122575 H 2.7384608 -4.4073736 1.8967256
N -0.0753035 0.0388346 -1.9833829
[3reql(4.0) [3reql(2.2) [3real(4.2)
E = -3175.584113407 E}, E = -3175.534656153 E}, E = -3175.536289239 E,

7 7 7

Fe -0.0338885 0.0248455 0.1147987 Fe -0.0361121 0.0248137 0.1200786 Fe -0.0367523 0.0252006 0.1212705
N -0.2297591 -2.0177102 0.1382135 N -0.2324473 -2.0103378 0.1426767 N -0.2343556 -2.0223506 0.1459913
N -2.0765451 0.2211127 0.1272316 N -2.0975363 0.2239164 0.1075559 N -2.1113636 0.2255410 0.1081952
N 0.1629463 2.0673350 0.1455379 N 0.1629430 2.0590773 0.1484921 N 0.1641210 2.0717656 0.1501684
N 2.0077429 -0.1712971 0.0486699 N 2.0238421 -0.1751401 0.0229137 N 2.0363019 -0.1765309 0.0210097
C 0.7855434 -2.9237566 0.0656972 C 0.7719411 -2.9304719 0.0508247 C 0.7740588 -2.9394056 0.0531764
C -1.4011835 -2.7135421 0.1235611 C -1.3973734 -2.7197550 0.1139729 C -1.4025680 -2.7277254 0.1173209
C -2.9818111 -0.7954990 0.1901506 C -3.0097462 -0.7888502 0.1787596 C -3.0203894 -0.7911949 0.1802239
C -2.7716855 1.3919401 0.1776923 C -2.7975074 1.3927197 0.1617209 C -2.8070549 1.3978194 0.1626344
C -0.8542349 2.9737637 0.1174229 C -0.8443613 2.9789552 0.0949528 C -0.8469556 2.9884414 0.0964599
C 1.3330777 2.7633538 0.0924144 C 1.3253675 2.7686479 0.0697522 C 1.3299116 2.7771373 0.0699565
C 2.9148998 0.8449930 0.0856261 C 2.9385681 0.8368278 0.0685409 C 2.9479351 0.8391335 0.0663858
C 2.7040906 -1.3423455 0.0652235 C 2.7253813 -1.3439440 0.0436266 C 2.7336942 -1.3484919 0.0423543
C 0.2306554 -4.2514890 -0.0092216 C 0.2436977 -4.2247163 -0.0450808 C 0.2421889 -4.2326066 -0.0425769
C -1.1137573 -4.1223501 0.0281649 C -1.1344959 -4.0906495 -0.0044232 C -1.1359500 -4.0982229 -0.0015658
C -4.3080733 -0.2424491 0.2965865 C -4.3410780 -0.2339410 0.2921580 C -4.3507619 -0.2324453 0.2941988
C -4.1790298 1.1025094 0.2871349 C -4.2110226 1.1060926 0.2802562 C -4.2205154 1.1075925 0.2819738
C -0.3023189 4.3020213 0.0316607 C -0.3208730 4.2726904 -0.0292294 C -0.3198612 4.2810056 -0.0291614
C 1.0425926 4.1727348 0.0181569 C 1.0579121 4.1391138 -0.0447909 C 1.0589968 4.1474035 -0.0452301
C 4.2441448 0.2911806 0.1390220 C 4.2731029 0.2812457 0.1328407 C 4.2816629 0.2799287 0.1311075
C 4.1145606 -1.0536559 0.1245943 C 4.1424116 -1.0585478 0.1146081 C 4.1507394 -1.0598722 0.1132384
C -2.6863884 -2.1628381 0.1707359 C -2.7174028 -2.1444134 0.1711442 C -2.7214424 -2.1465333 0.1734172
C -2.2211944 2.6778668 0.1504572 C -2.2490471 2.6680991 0.1400593 C -2.2516325 2.6715732 0.1411046
C 2.6191171 2.2123119 0.0877210 C 2.6464370 2.1926718 0.0773945 C 2.6494693 2.1947051 0.0762144
C 2.1528324 -2.6281241 0.0498556 C 2.1773575 -2.6196924 0.0346234 C 2.1792910 -2.6225081 0.0351092
C -3.8376542 -3.1146177 0.2011364 C -3.8562972 -3.1027074 0.2134915 C -3.8599324 -3.1056898 0.2145350
C -3.1729287 3.8295176 0.1573746 C -3.1864754 3.8245525 0.1571749 C -3.1884563 3.8286149 0.1576130
C 3.7712066 3.1635310 0.0846876 C 3.7861593 3.1500075 0.0897743 C 3.7892171 3.1519867 0.0888554
C 3.1032840 -3.7803560 0.0151766 C 3.1162241 -3.7744536 0.0055144 C 3.1180959 -3.7772878 0.0054649
C -4.0809850 -3.8990414 1.3336970 C -4.0685728 -3.9021986 1.3421295 C -4.0735133 -3.9057729 1.3425073
C -4.6889781 -3.2392116 -0.9020074 C -4.7213429 -3.2257546 -0.8786069 C -4.7227793 -3.2298424 -0.8791573
C -3.9716949 4.0967172 -0.9596759 C -4.0100290 4.0876945 -0.9423380 C -4.0112940 4.0924692 -0.9424334
C -3.2827291 4.6576254 1.2795730 C -3.2542992 4.6648551 1.2741091 C -3.2566562 4.6687862 1.2745457
C 4.0563899 3.9366481 1.2152551 C 4.0257756 3.9473509 1.2146261 C 4.0294449 3.9481411 1.2143672
C 4.5829767 3.2970372 -1.0468525 C 4.6290698 3.2692711 -1.0199795 C 4.6314982 3.2725353 -1.0212719
C 3.8603582 -4.0424493 -1.1317201 C 3.9013734 -4.0235337 -1.1249356 C 3.9019940 -4.0273329 -1.1258380
C 3.2515848 -4.6157543 1.1275231 C 3.2264621 -4.6258337 1.1106929 C 3.2299090 -4.6273803 1.1113367
C -5.1522732 -4.7898624 1.3631312 C -5.1324555 -4.8001332 1.3808284 C -5.1361670 -4.8054175 1.3787577
C -5.7600722 -4.1304523 -0.8744711 C -5.7796623 -4.1323305 -0.8438889 C -5.7797276 -4.1380984 -0.8470131
C -4.8619780 5.1688255 -0.9554005 C -4.8896336 5.1689518 -0.9241083 C -4.8904780 5.1742326 -0.9243654
C -4.1734970 5.7294887 1.2857756 C -4.1404440 5.7390272 1.2958964 C -4.1423664 5.7432297 1.2961485
C 5.1307241 4.8242704 1.2153929 C 5.0951905 4.8390784 1.2312963 C 5.0986531 4.8399175 1.2309690
C 5.6570053 4.1851896 -1.0486352 C 5.6914224 4.1715862 -1.0072412 C 5.6935308 4.1752436 -1.0083121
C 4.7463426 -5.1175890 -1.1667550 C 4.7839993 -5.1022469 -1.1496956 C 4.7851603 -5.1057848 -1.1505481
C 4.1381007 -5.6905795 1.0944128 C 4.1163432 -5.6968297 1.0901272 C 4.1201361 -5.6978234 1.0911416
C -5.9944329 -4.9082606 0.2584880 C -5.9891502 -4.9196096 0.2866661 C -5.9904584 -4.9259748 0.2827791
C -4.9655179 5.9878491 0.1679850 C -4.9598642 5.9943579 0.1965921 C -4.9610833 5.9992908 0.1966175
C 5.9338486 4.9509571 0.0829415 C 5.9279547 4.9576685 0.1189633 C 5.9305560 4.9603663 0.1184694
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C 4.8875990 -5.9445059 -0.0533214 C 4.8970366 -5.9383595 -0.0403053 C 4.8998696 -5.9405013 -0.0399267
H 0.8039435 -5.1611737 -0.0947957 H 0.8094213 -5.1376256 -0.1419103 H 0.8062925 -5.1464272 -0.1393588
H -1.8533956 -4.9060049 -0.0201119 H -1.8699840 -4.8762751 -0.0638517 H -1.8701112 -4.8847897 -0.0612325
H -5.2165910 -0.8175441 0.3825335 H -5.2485137 -0.8096441 0.3857253 H -5.2591821 -0.8067106 0.3884694
H -4.9617202 1.8408652 0.3630220 H -4.9919934 1.8454739 0.3623382 H -5.0026347 1.8457945 0.3644829
H -0.8781356 5.2123281 -0.0257991 H -0.8935625 5.1824381 -0.1114018 H -0.8913748 5.1913703 -0.1124007
H 1.7800144 4.9568624 -0.0517276 H 1.7906757 4.9243369 -0.1395141 H 1.7905584 4.9336663 -0.1409060
H 5.1554370 0.8655264 0.1954915 H 5.1829957 0.8560842 0.2016336 H 5.1924273 0.8533898 0.2001751
H 4.8992467 -1.7926106 0.1662812 H 4.9238459 -1.8001596 0.1640010 H 4.9330590 -1.8005811 0.1628056
H -3.4215014 -3.8025721 2.2008951 H -3.3920034 -3.8121480 2.1963141 H -3.3991490 -3.8147491 2.1982642
H -5.3316049 -5.3936161 2.2570583 H -5.2918327 -5.4126950 2.2724768 H -5.2963070 -5.4185168 2.2699323
H -6.8345536 -5.6077264 0.2805599 H -6.8227766 -5.6264674 0.3166247 H -6.8233508 -5.6337665 0.3109399
H -6.4139098 -4.2202069 -1.7463602 H -6.4435972 -4.2231690 -1.7078424 H -6.4415110 -4.2297213 -1.7125124
H -4.5014702 -2.6316103 -1.7919468 H -4.5533239 -2.6084876 -1.7656338 H -4.5540684 -2.6118573 -1.7655209
H -3.8867564 3.4553199 -1.8415234 H -3.9513654 3.4403161 -1.8220178 H -3.9522802 3.4454583 -1.8224525
H -5.4768666 5.3671209 -1.8376556 H -5.5223121 5.3673489 -1.7934549 H -5.5222845 5.3733079 -1.7941283
H -5.6644894 6.8286584 0.1723989 H -5.6524699 6.8401653 0.2145854 H -5.6534364 6.8452795 0.2147948
H -4.2516671 6.3650960 2.1721428 H -4.1912069 6.3820382 2.1786423 H -4.1933353 6.3859157 2.1790255
H -2.6636543 4.4514806 2.1574033 H -2.6058087 4.4666921 2.1318270 H -2.6085395 4.4703618 2.1324213
H 3.4277252 3.8332657 2.1042731 H 3.3693427 3.8580077 2.0845826 H 3.3740095 3.8576487 2.0850210
H 5.3435352 5.4185829 2.1083023 H 5.2796923 5.4467363 2.1209030 H 5.2839753 5.4460177 2.1211492
H 6.7766880 5.6474925 0.0822270 H 6.7622869 5.6645815 0.1319337 H 6.7643805 5.6681177 0.1317222
H 6.2799406 4.2817701 -1.9421553 H 6.3392530 4.2599980 -1.8837164 H 6.3410280 4.2645995 -1.8849714
H 4.3625819 2.6982100 -1.9352006 H 4.4415052 2.6524323 -1.9033265 H 4.4438124 2.6563581 -1.9050010
H 3.7457456 -3.3951054 -2.0058311 H 3.8097481 -3.3680642 -1.9957531 H 3.8088577 -3.3731045 -1.9975168
H 5.3277988 -5.3123583 -2.0721590 H 5.3853147 -5.2894819 -2.0439727 H 5.3852753 -5.2939358 -2.0456997
H 5.5827273 -6.7880801 -0.0801250 H 5.5917357 -6.7828942 -0.0565214 H 5.5950887 -6.7848279 -0.0556111
H 4.2460686 -6.3322463 1.9732511 H 4.1981254 -6.3492660 1.9638685 H 4.2028268 -6.3491987 1.9656707
H 2.6657171 -4.4132381 2.0286734 H 2.6079319 -4.4407199 1.9931911 H 2.6119195 -4.4419915 1.9941604
3y0a](2,-2) [3rea](4,-2) [60x](1,1)
E = -3175.544418228 E}, E = -3175.541269517 E, E = -3635.566258601 E,
77 77 78
Fe -0.0306645 0.0252669 0.1195656 Fe -0.0424114 0.0199440 0.0547082 Fe 0.0001344 0.0058333 -0.0275312
N -0.2232365 -1.9695908 0.1126266 N -0.2357953 -2.0287927 0.1334429 N 0.0164274 -1.9593230 0.2145078
N -2.0268470 0.2177832 0.1423673 N -2.1004918 0.2194741 0.0157425 N -1.9587167 -0.0187325 0.2277284
N 0.1605826 2.0205004 0.1255062 N 0.1553376 2.0678109 0.1498881 N -0.0230332 1.9631597 0.2077682
N 1.9646985 -0.1671300 0.0884289 N 2.0126493 -0.1772021 -0.0643849 N 1.9638588 0.0249232 0.2275577
C 0.7834183 -2.9043669 0.0309598 C 0.7709210 -2.9345522 -0.0512689 C 1.1113034 -2.7709800 -0.0656223
C -1.3860902 -2.6932482 0.1204797 C -1.4031907 -2.7249696 0.0008077 C -1.0315034 -2.7914563 0.3102256
C -2.9587981 -0.7834218 0.2221371 C -3.0049755 -0.7990484 0.1676801 C -2.7733643 -1.1125737 0.4894765
C -2.7525622 1.3743952 0.1793147 C -2.7956551 1.3902144 0.1660249 C -2.7900194 1.0304096 0.1120888
C -0.8476897 2.9560145 0.0840652 C -0.8568389 2.9753554 0.0117277 C -1.1093222 2.7725191 -0.0673883
C 1.3233257 2.7435551 0.1039064 C 1.3173322 2.7649051 -0.0202681 C 1.0358881 2.7987561 0.3045167
C 2.8992944 0.8327370 0.1566209 C 2.9231497 0.8389908 0.0637017 C 2.7762654 1.1143209 0.4916448
C 2.6897411 -1.3245051 0.0989366 C 2.7127504 -1.3492836 0.0438549 C 2.7935736 -1.0272078 0.1197886
C 0.2290144 -4.2344278 -0.0466446 C 0.2393653 -4.2073717 -0.3036773 C 0.6752570 -4.1504515 -0.1816756
C -1.1053005 -4.1050181 0.0164497 C -1.1362749 -4.0748241 -0.2712199 C -0.6362210 -4.1667872 0.0828544
C -4.2528653 -0.2613246 0.3288750 C -4.3162844 -0.2439685 0.4251605 C -4.1519908 -0.6750470 0.6086894
C -4.1218331 1.1125431 0.2993158 C -4.1885803 1.0943925 0.4231279 C -4.1656876 0.6367359 0.3469211
C -0.2950811 4.2867714 0.0032224 C -0.3338086 4.2501132 -0.2511568 C -0.6768563 4.1498362 -0.1781235
C 1.0403056 4.1566395 0.0205491 C 1.0418282 4.1168338 -0.2704647 C 0.6394907 4.1670068 0.0806468
C 4.1948799 0.3078852 0.2341034 C 4.2433491 0.2812284 0.2622991 C 4.1515290 0.6756505 0.6176398
C 4.0611910 -1.0655037 0.1942906 C 4.1149104 -1.0567341 0.2491572 C 4.1645978 -0.6399517 0.3597131
C -2.6622890 -2.1737346 0.1934884 C -2.7167590 -2.1535745 0.1178197 C -2.3763413 -2.4135110 0.5436106
C -2.1949875 2.6890497 0.1163620 C -2.2553972 2.6658051 0.1168797 C -2.4128134 2.3667617 -0.1380837
C 2.6016278 2.2232588 0.1364699 C 2.6337774 2.1932639 0.0404330 C 2.3755350 2.4198797 0.5394397
C 2.1309804 -2.6373932 0.0303779 C 2.1715544 -2.6244490 0.0017042 C 2.4091224 -2.3690884 -0.1342229
C -3.8113292 -3.1178865 0.2428676 C -3.8510955 -3.1119654 0.1891703 C -3.3753557 -3.4940944 0.7775555
C -3.1502246 3.8295337 0.1017068 C -3.1874978 3.8229209 0.1716982 C -3.4904101 3.3576109 -0.4134845
C 3.7530133 3.1664909 0.1396800 C 3.7716078 3.1495944 0.0782845 C 3.3773038 3.4972702 0.7739536
C 3.0837020 -3.7789596 -0.0325295 C 3.1129079 -3.7757299 0.0149022 C 3.4875065 -3.3576853 -0.4155897
C -4.0581175 -3.8719907 1.3940419 C -3.9408207 -4.0219213 1.2496928 C -3.3445803 -4.2235787 1.9709135
C -4.6628272 -3.2542931 -0.8582234 C -4.8402155 -3.1250045 -0.8004690 C -4.3336148 -3.8024156 -0.1933759
C -3.9403160 4.0732357 -1.0266276 C -4.1445549 4.0149282 -0.8308929 C -4.1905930 3.2964787 -1.6230595
C -3.2792053 4.6623159 1.2173195 C -3.1107030 4.7469640 1.2211927 C -3.8236408 4.3373492 0.5274241
C 4.0484207 3.9220718 1.2783479 C 3.9138727 4.0356396 1.1529857 C 3.3400701 4.2346266 1.9622514
C 4.5566042 3.3027750 -0.9973107 C 4.7127626 3.1811944 -0.9563529 C 4.3465492 3.7923752 -0.1902242
C 3.8098735 -4.0280009 -1.2012739 C 4.0237603 -3.9645759 -1.0305075 C 4.1819401 -3.2928973 -1.6282907
C 3.2655557 -4.6135594 1.0743110 C 3.1062698 -4.6828857 1.0814236 C 3.8261962 -4.3381955 0.5223178
C -5.1398989 -4.7491258 1.4439441 C -5.0073761 -4.9132569 1.3275917 C -4.2686400 -5.2416316 2.1945031
C -5.7366891 -4.1402130 -0.8122826 C -5.9017768 -4.0254127 -0.7284570 C -5.2545666 -4.8244370 0.0308690
C -4.8351819 5.1404769 -1.0422719 C -5.0081684 5.1081376 -0.7859845 C -5.2055476 4.2122679 -1.8912360
C -4.1830270 5.7234018 1.2051932 C -3.9804557 5.8328830 1.2718128 C -4.8426678 5.2493588 0.2583730
C 5.1259385 4.8057732 1.2792272 C 4.9864667 4.9220706 1.1999833 C 4.2691154 5.2476518 2.1876897
C 5.6293614 4.1913807 -0.9981269 C 5.7804547 4.0760519 -0.9143247 C 5.2714996 4.8103071 0.0354878
C 4.6896611 -5.1059865 -1.2674847 C 4.9174158 -5.0339975 -1.0061594 C 5.1962893 -4.2072957 -1.9029674
C 4.1500357 -5.6886380 1.0096891 C 4.0081074 -5.7433291 1.1119927 C 4.8448663 -5.2487607 0.2465983
C -5.9787691 -4.8884953 0.3393827 C -5.9900463 -4.9185367 0.3376732 C -5.2242134 -5.5434285 1.2246402
C -4.9611338 5.9662862 0.0748931 C -4.9297865 6.0180467 0.2666021 C -5.5329754 5.1888988 -0.9512428
C 5.9160585 4.9448959 0.1397870 C 5.9225292 4.9448567 0.1658732 C 5.2352213 5.5369236 1.2245274
C 4.8607857 -5.9390126 -0.1625441 C 4.9160133 -5.9218526 0.0681667 C 5.5290777 -5.1853878 -0.9662407
H 0.8081590 -5.1387273 -0.1448207 H 0.8088751 -5.1020714 -0.4997305 H 1.3226767 -4.9775769 -0.4251100
H -1.8543144 -4.8799531 -0.0180073 H -1.8739051 -4.8438052 -0.4371501 H -1.3095465 -5.0084247 0.1026639
H -5.1593807 -0.8375393 0.4234885 H -5.2070604 -0.8222748 0.6128289 H -4.9789665 -1.3218815 0.8537026
H -4.9036504 1.8519419 0.3640071 H -4.9540553 1.8313580 0.6081137 H -5.0061542 1.3119455 0.3308344
H -0.8749747 5.1933170 -0.0650460 H -0.9084830 5.1467305 -0.4200110 H -1.3245128 4.9775709 -0.4189805
H 1.7871633 4.9326797 -0.0306732 H 1.7740577 4.8863341 -0.4566725 H 1.3100000 5.0108669 0.0989987
H 5.1043043 0.8813191 0.3145474 H 5.1413709 0.8567520 0.4207377 H 4.9794073 1.3208550 0.8643688
H 4.8421576 -1.8077293 0.2340711 H 4.8863707 -1.7958978 0.3949905 H 5.0037750 -1.3166939 0.3498760
H -3.3980337 -3.7590472 2.2588619 H -3.1659051 -4.0205513 2.0207964 H -2.5959354 -3.9860524 2.7326097
H -5.3296137 -5.3255748 2.3534037 H -5.0713964 -5.6102157 2.1675099 H -4.2437016 -5.8012700 3.1330285
H -6.8252136 -5.5795388 0.3756889 H -6.8243038 -5.6227329 0.3968156 H -5.9476820 -6.3436880 1.4000406
H -6.3908592 -4.2454276 -1.6821561 H -6.6635421 -4.0297951 -1.5128309 H -5.9982854 -5.0618665 -0.7340311
H -4.4741389 -2.6591339 -1.7560520 H -4.7667590 -2.4267879 -1.6389250 H -4.3502958 -3.2439848 -1.1339327
H -3.8453757 3.4191661 -1.8977536 H -4.1999313 3.3033463 -1.6593500 H -3.9291850 2.5326739 -2.3614180
H -5.4416053 5.3252160 -1.9332397 H -5.7454334 5.2498302 -1.5810303 H -5.7422526 4.1642495 -2.8421603
H -5.6677695 6.8007543 0.0650724 H -5.6082665 6.8746597 0.3037157 H -6.3307457 5.9056102 -1.1621889
H -4.2809652 6.3620869 2.0871612 H -3.9157424 6.5412075 2.1023306 H -5.1006342 6.0094721 1.0002006
H -2.6663846 4.4693268 2.1025442 H -2.3609011 4.6045100 2.0039331 H -3.2877170 4.3784154 1.4803440
H 3.4257314 3.8091534 2.1701112 H 3.1761173 4.0184049 1.9596849 H 2.5827809 4.0069055 2.7182479
H 5.3487513 5.3868348 2.1781480 H 5.0923084 5.6009390 2.0506867 H 4.2392593 5.8136247 3.1222421
H 6.7565550 5.6433915 0.1381438 H 6.7623457 5.6438926 0.2006925 H 5.9619428 6.3339616 1.4010770
H 6.2461145 4.2966353 -1.8947562 H 6.5048715 4.0944643 -1.7329704 H 6.0226689 5.0389927 -0.7247588
H 4.3303017 2.7093372 -1.8875005 H 4.5978017 2.5010166 -1.8048847 H 4.3677520 3.2283239 -1.1273290
H 3.6750103 -3.3718867 -2.0656846 H 4.0239259 -3.2660261 -1.8721955 H 3.9165165 -2.5280693 -2.3641877
H 5.2448385 -5.2984061 -2.1899236 H 5.6193938 -5.1730580 -1.8329552 H 5.7283624 -4.1571269 -2.8563659
H 5.5513169 -6.7843993 -0.2181731 H 5.6223527 -6.7563097 0.0925786 H 6.3262672 -5.9011448 -1.1825360
H 4.2826661 -6.3340923 1.8822309 H 4.0038371 -6.4354743 1.9585700 H 5.1064712 -6.0106490 0.9853077
H 2.7059706 -4.4145412 1.9927571 H 2.3917908 -4.5424519 1.8970452 H 3.2942235 -4.3820353 1.4773191
Cl  -0.0379894 -0.0310908 -2.2035474

[60x](3,1)
E = -3635.576402394 E),

[60x](5,1)
E = -3635.586193669 Ej,

[60)( 1

1(1,-1)
E = -3635.563850042 E),

78
Fe 0.0354612 0.0175795 -0.2625111

78

Fe 0.0074613 0.0192712 -0.3770255 ‘

78
Fe

0.0145327 0.0027416

-0.0242690

125



-0.0548804 -2.0084798 0.1691131
-1.9905698 0.0757401 0.1787063
0.0802846 2.0293275 0.1876263
1.9874390 -0.0506711 0.1403087
0.9724530 -2.8540707 0.1318425
-1.1965463 -2.7868884 0.0593927
-2.8399030 -0.9648642 0.2268391
-2.7756479 1.2125582 0.2925426
-0.9660153 2.8739202 0.1640444
1.2046938 2.8128293 0.0866898
2.8424098 0.9916202 0.2067919
2.7760017 -1.1922530 0.2579133
0.5285946 -4.2170605 -0.0193444
-0.8157251 -4.1753343 -0.0766625
-4.1891369 -0.5202606 0.4420758
-4.1506691 0.8243098 0.4838069
-0.5241034 4.2369925 0.0328821
0.8223915 4.1994317 -0.0244401
4.1948219 0.5371779 0.4152850
4.1545629 -0.8020870 0.4476892
-2.4845947 -2.3452108 0.1058961
-2.3352288 2.5102542 0.2493996
2.4988120 2.3686300 0.1161378
2.3481486 -2.4904409 0.2165768
-3.5962298 -3.3355304 0.0626880
-3.3419838 3.6072445 0.2943249
3.6101892 3.3604313 0.0866635
3.3548529 -3.56877463 0.2580829
-3.8014931 -4.2176934 1.1285266
-4.4500197 -3.3813913 -1.0451962
-4.2141481 3.7992194 -0.7822515
-3.4241534 4.4514256 1.4074216
3.8289550 4.2127841 1.1740095
4.4484709 3.4403409 -1.0309424
4.2168711 -3.7878529 -0.8250411
3.4446946 -4.4269622 1.3745021
-4.8473812 -5.1380033 1.0851074
-5.4888541 -4.3078201 -1.0892621
-5.1574755 4.8244735 -0.7456276
-4.3737635 5.4695363 1.4448067
4.8722185 5.1363673 1.1423561
5.4858258 4.3693053 -1.0628008
5.1585914 -4.8149300 -0.7912313
4.3916629 -5.4475451 1.4087045
-5.6899130 -5.1856594 -0.0239655
-5.2399520 5.6584787 0.3678526
5.6996446 5.2173384 0.0236796
5.2482309 -5.6439603 0.3252587
1.1746825 -5.0769487 -0.0885716
-1.5048367 -4.9955659 -0.1996921
-5.0433284 -1.1669916 0.5590959
-4.9660011 1.5096290 0.6519801
-1.1706166 5.0973454 -0.0244043
1.5092164 5.0235739 -0.1326979
5.0496442 1.1821629 0.5381552
4.9698334 -1.4898637 0.6060370
-3.1436904 -4.1742611 2.0014127
-5.0051322 -5.8200199 1.9244956
-6.5079091 -5.9097081 -0.0589276
-6.1445759 -4.3461658 -1.9628110
-4.2906598 -2.6950952 -1.8821397
-4.1440879 3.1467787 -1.6573383
-5.8306124 4.9724381 -1.5938729
-5.9822215 6.4601917 0.3972096
-4.4397829 6.1181812 2.3220244
-2.7477587 4.3013131 2.2540956
3.1825615 4.1441886 2.0538172
5.0398342 5.7951777 1.9982271
6.5155182 5.9441679 -0.0019469
6.1295993 4.4334211 -1.9437140
4.2780633 2.7783685 -1.8851607
4.1406018 -3.1398291 -1.7029265
5.8244662 -4.9683015 -1.6442493
5.9888760 -6.4472535 0.3523612
4.4635985 -6.0921127 2.2884683
2.7758524 -4.2715440 2.2263188
0.0719313 0.0151425 -2.4361838

-0.0574390 -2.0079525 0.1215468
-2.0098323 0.0765237 0.1274836
0.0756318 2.0302641 0.1381121
2.0242462 -0.0518553 0.1267933
0.9799186 -2.8536925 0.1223237
-1.2006614 -2.7935720 0.0466302
-2.8525661 -0.9653925 0.1951282
-2.7866119 1.2139473 0.2612211
-0.9703257 2.8804600 0.1495579
1.2110840 2.8132216 0.0735050
2.8679652 0.9907557 0.1908354
2.8016671 -1.1919012 0.2446700
0.5318878 -4.2204854 0.0171925
-0.8113559 -4.1830371 -0.0415413
-4.2026366 -0.5203764 0.4100881
-4.1633388 0.8261952 0.4484384
-0.5184369 4.2433393 0.0628562
0.8270510 4.2029917 0.0052156
4.2250385 0.5388751 0.3855759
4.1846372 -0.8042253 0.4203623
-2.4902927 -2.3461413 0.0884311
-2.3414618 2.5120194 0.2336357
2.5094835 2.3642385 0.1048869
2.3598631 -2.4858662 0.2097553
-3.6012028 -3.3376577 0.0547435
-3.3473427 3.6089745 0.2958877
3.6166089 3.3609858 0.0821789
3.3611553 -3.5876495 0.2628314
-3.8063918 -4.2089806 1.1294532
-4.4545501 -3.3954086 -1.0529108
-4.2224168 3.8158932 -0.7755347
-3.4258538 4.4382818 1.4203438
3.8289780 4.2098447 1.1734920
4.4573708 3.4491207 -1.0329281
4.2265516 -3.7996619 -0.8153136
3.4423954 -4.4194436 1.3854266
-4.8517528 -5.1302753 1.0950761
-5.4928517 -4.3228147 -1.0879041
-5.1649646 4.8411458 -0.7225880
-4.3746882 5.4563890 1.4740144
4.8683072 5.1380506 1.1482242
5.4907698 4.3826759 -1.0584406
5.1630137 -4.8311328 -0.7704834
4.3841214 -5.4444272 1.4306703
-5.6938459 -5.1897889 -0.0137514
-5.2437869 5.6602492 0.4021570
5.6981862 5.2271910 0.0319888
5.2440503 -5.6527258 0.3521440
1.1773014 -5.0826373 -0.0231732
-1.4970535 -5.0098334 -0.1367578
-5.0570590 -1.1665102 0.5289336
-4.9791987 1.5121656 0.6114404
-1.1600736 5.1087364 0.0326978
1.5146979 5.0294494 -0.0773811
5.0807676 1.1846059 0.4979423
5.0007855 -1.4927066 0.5710527
-3.1489295 -4.1562608 2.0020748
-5.0094396 -5.8037287 1.9413601
-6.5114364 -5.9146042 -0.0415932
-6.1482210 -4.3704672 -1.9612609
-4.2953184 -2.7176049 -1.8967616
-4.1553274 3.1751117 -1.6594168
-5.8403694 5.0008549 -1.5668925
-5.9854596 6.4619429 0.4443271
-4.4377823 6.0933059 2.3599954
-2.7471514 4.2764855 2.2629979
3.1806817 4.1348860 2.0513700
5.0309181 5.7940715 2.0071953
6.5109509 5.9576532 0.0113738
6.1364809 4.4531321 -1.9374522
4.2920567 2.7898531 -1.8902249
4.1571282 -3.1574273 -1.6979991
5.8315374 -4.9938085 -1.6196991
5.9805884 -6.4594491 0.3879113
4.4492981 -6.0831088 2.3152414
2.7708971 -4.2547563 2.2333958
0.0068533 0.0172285 -2.5498229

0.0237275 -1.9617999 0.2025262
-1.9589904 -0.0193669 0.2411243
-0.0083359 1.9644629 0.2057255

1.9597470 0.0227971 0.2238043

1.1037279 -2.7695522 -0.0849353
-1.0337438 -2.7964873 0.3172870
-2.7727222 -1.1079843 0.5201288
-2.7847479 1.0273041 0.1252312
-1.1063306 2.7774097 -0.0838540

1.0341206 2.7942565 0.3235477

2.7739290 1.1113234 0.4979134

2.7910640 -1.0318696 0.0942576

0.6719551 -4.1432399 -0.1900253
-0.6433981 -4.1609704 0.0903747
-4.1429711 -0.6645569 0.6507505
-4.1533291 0.6504044 0.3784842
-0.6658852 4.1549697 -0.1911984

0.6410591 4.1704711 0.0979067

4.1493650 0.6706931 0.6103313

4.1626724 -0.6400694 0.3308328
-2.3731542 -2.4119815 0.5657021
-2.3976153 2.3746753 -0.1511527

2.3786716 2.4136884 0.5649408

2.4112908 -2.3620287 -0.1624934
-3.3732938 -3.4879016 0.8091168
-3.4797597 3.3531983 -0.4491010

3.3765248 3.4913906 0.8128301

3.4844697 -3.3534893 -0.4505042
-3.3152692 -4.2376820 1.9889017
-4.3608970 -3.7708986 -0.1400334
-4.1772315 3.2592873 -1.6584048
-3.8211995 4.3510181 0.4692483

3.3339326 4.2183577 2.0074969

4.3459297 3.8012240 -0.1467152

4.1838464 -3.2800621 -1.6599267

3.8136344 -4.3475776 0.4768941
-4.2427232 -5.2504038 2.2212227
-5.2832762 -4.7896801 0.0920774
-5.1958273 4.1633467 -1.9498519
-4.8449627 5.2508334 0.1769404

4.2569292 5.2344428 2.2437769

5.2661299 4.8209865 0.0902414

5.1932904 -4.1978571 -1.9416997

4.8276186 -5.2610110 0.1946268
-5.2269325 -5.5280722 1.2729441
-5.5312222 5.1592412 -1.0327420

5.2237691 5.5370609 1.2853682

5.5166207 -5.1885017 -1.0151434

1.3149349 -4.9719764 -0.4395070
-1.3121100 -5.0058830 0.1185994
-4.9721688 -1.3032320 0.9097437
-4.9908966 1.3289493 0.3651255
-1.3080592 4.9842183 -0.4416488

1.3132328 5.0125129 0.1328914

4.9776241 1.3120245 0.8653037

5.0042443 -1.3136538 0.3059958
-2.5433330 -4.0195907 2.7327368
-4.1969623 -5.8259671 3.1492335
-5.9520421 -6.3253919 1.4547719
-6.0480932 -5.0097794 -0.6570135
-4.3975216 -3.1979727 -1.0711903
-3.9106628 2.4798814 -2.3784416
-5.7295048 4.0911712 -2.9009414
-6.3324000 5.8664651 -1.2619847
-5.1090639 6.0261664 0.9006171
-3.2883371 4.4162553 1.4224878

2.5768052 3.9799577 2.7605042

4.2224033 5.7918696 3.1833137

5.9462677 6.3359794 1.4705710

6.0183028 5.0593444 -0.6660650

4.3713928 3.2459695 -1.0889469

3.9256491 -2.5050251 -2.3875679

5.7289894 -4.1401542 -2.8926577

6.3102396 -5.9066697 -1.2365440

5.0825061 -6.0321344 0.9260805

3.2785889 -4.3985270 1.4297826
-0.0203218 0.0065577 -2.1878753
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[60x](5,-1) [71(2,1) [71(4.1)
E = -3635.591784088 Ey, E = -3250.515707102 Ey, E = -3250.510917474 Ey,

~
(=]
~
(=]
~
=]

-0.0002818 -0.0000164 -0.3549726
0.0563071 -2.0195736 0.1524882
-2.0221514 -0.0558009 0.1487056
-0.0564137 2.0192737 0.1536334
2.0220303 0.0555112 0.1469414
1.1732535 -2.8069141 0.0376872
-1.0037898 -2.8665869 0.0715929
-2.7997489 -1.1716344 0.3032870
-2.8608628 1.0039396 0.2717120
-1.1734577 2.8066714 0.0402269
1.0036123 2.8663295 0.0722066
2.7997647 1.1712556 0.3014408
2.8608448 -1.0042944 0.2686713
0.7945852 -4.1700489 -0.1624630
-0.5587479 -4.2076770 -0.1390709
-4.1504104 -0.7931708 0.5772463
-4.1890040 0.5602734 0.5559901
-0.7949709 4.1699017 -0.1596173
0.5583792 4.2075269 -0.1373995
4.1506570 0.7926489 0.5740565
4.1892267 -0.5607857 0.5520533
-2.3562429 -2.4919312 0.2010112
-2.4914459 2.3585957 0.1419396
2.3561791 2.4916111 0.2002363
2.4913276 -2.3588815 0.1385446
-3.3739616 -3.56715822 0.2317121
-3.5794146 3.3677997 0.1309357
3.3739333 3.5712362 0.2306029
3.5792924 -3.3680772 0.1265381
-3.3590244 -4.5329343 1.2500168
-4.3575972 -3.6359215 -0.7628097
-4.5454201 3.3469303 -0.8828135
-3.6524336 4.3429618 1.1331180
3.3599070 4.5320566 1.2494240
4.3567938 3.6359905 -0.7646592
4.5448831 -3.3466309 -0.8875929
3.6530131 -4.3434932 1.1284237
-4.3213810 -5.56387042 1.2764480

0.0014795 -0.0034945 -0.2039895
-0.3300977 -1.9509656 0.0482964
-1.9308383 0.3330720 0.1199140

0.3351437 1.9421425 0.0605201

1.9363229 -0.3423261 0.1015702

0.6060891 -2.9473545 -0.1837684
-1.5176647 -2.5773135 0.1002738
-2.9250767 -0.6084036 0.3418477
-2.5600564 1.5197170 0.0811852
-0.6028881 2.9402552 -0.1560126

1.5231542 2.5680773 0.1072531

2.9323475 0.5973952 0.3233190

2.5651188 -1.5285324 0.0482042
-0.0659367 -4.2222918 -0.3260752
-1.3718552 -3.9970085 -0.1264310
-4.1955570 0.0631273 0.5228618
-3.9732707 1.3721111 0.3420825

0.0680040 4.2161326 -0.2948082

1.3755911 3.9893359 -0.1080784

4.2040663 -0.0756946 0.4893064

3.9803198 -1.3831310 0.2993167
-2.7743105 -1.9629526 0.3224259
-1.9556741 2.7798698 -0.1518066

2.7815529 1.9520476 0.3150328

1.9587636 -2.7867823 -0.1902774
-3.9648985 -2.8430189 0.4897032
-2.8476250 3.9588599 -0.3342151

3.9733445 2.8309162 0.4794879

2.8492813 -3.9637744 -0.3914555
-4.0924486 -3.6424101 1.6310058
-4.9565406 -2.8880539 -0.4956461
-3.6375619 4.0635550 -1.4843469
-2.9162239 4.9591532 0.6410200

4.1075354 3.6251809 1.6236392

4.9594188 2.8803021 -0.5112467

3.6273676 -4.0580573 -1.56505267

2.9282519 -4.9724505 0.5742915
-5.2031928 -4.4679678 1.7881610

-0.0393546 0.0247155 -0.3181692
-0.2288222 -1.9825397 0.1514445
-2.0354028 0.2225895 0.1923262
0.1671918 2.0282777 0.1597484
1.9738419 -0.1769980 0.1189815
0.7843588 -2.9034867 0.0717365
-1.3861077 -2.6855749 0.1496054
-2.9545169 -0.7926455 0.2497241
-2.7383675 1.3785145 0.2175206
-0.8480671 2.9497347 0.1236226
1.3237334 2.7314745 0.1227306
2.8944682 0.8379709 0.1510282
2.6772026 -1.3329918 0.1109651
0.2204909 -4.2464844 0.0104884
-1.1091776 -4.1127421 0.0628474
-4.2959250 -0.2310686 0.3569929
-4.1632571 1.0995511 0.3343394
-0.2865674 4.2933251 0.0542948
1.0440833 4.1593691 0.0585766
4.2388563 0.2759040 0.2061514
4.1053509 -1.0545546 0.1791272
-2.6836495 -2.1487191 0.2137790
-2.2036024 2.6773291 0.1549067
2.6225984 2.1942391 0.1354152
2.1403479 -2.6313178 0.0578447
-3.8329086 -3.1020844 0.2355954
-3.1612279 3.8228097 0.1243599
3.7719442 3.1476999 0.1220428
3.0952370 -3.7772354 -0.0133246
-4.1179661 -3.8372960 1.3905567
-4.6302880 -3.2678757 -0.9010189
-3.8853609 4.0975682 -1.0401264
-3.3431914 4.6256949 1.2545236
4.1021433 3.8713788 1.2722328
4.5237933 3.3253524 -1.0434318
3.7818030 -4.0431089 -1.2023809
3.3101341 -4.5911639 1.1031177
-5.1910485 -4.7261472 1.4086179
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C -5.3080963 -4.6534342 -0.7421437 C -6.0647616 -3.7185446 -0.3384627 C -5.7017316 -4.1592993 -0.8814727
C -5.5623431 4.2977545 -0.8992230 C -4.4765905 5.1613976 -1.6602580 C -4.7790000 5.1663084 -1.0737208
C -4.6811153 5.2815135 1.1225990 C -3.7600805 6.0542790 0.4648434 C -4.2392262 5.6928733 1.2193121
C 4.3225741 5.5375308 1.2757929 C 5.2192125 4.4499324 1.7781837 C 5.1746359 4.7610302 1.2567246
C 5.3076072 4.6532092 -0.7440355 C 6.0686525 3.7099097 -0.3565895 C 5.5947223 4.2175037 -1.0573397
C 5.5625285 -4.2966782 -0.9042484 C 4.4649189 -5.1539395 -1.7446860 C 4.6699869 -5.1145410 -1.2740226
C 4.6823950 -5.2812729 1.1176440 C 3.7706979 -6.0655817 0.3798624 C 4.2006703 -5.6609525 1.0298219
C -5.2938280 -5.6027457 0.2787858 C -6.1902042 -4.5075074 0.8035622 C -5.9834026 -4.8885335 0.2727277
C -5.6336538 5.2631713 0.1045937 C -4.5392570 6.1575343 -0.6861646 C -4.9571980 5.9645058 0.0555897
C 5.2944261 5.6018125 0.2775662 C 6.2006452 4.4937723 0.7881959 C 5.9212848 4.9355660 0.0920277
C 5.6349251 -5.2619303 0.0996485 C 4.5380163 -6.1584595 -0.7799681 C 4.8805058 -5.9241417 -0.1584874
H 1.4766469 -4.9904192 -0.3152652 H 0.4283591 -5.1559561 -0.5444269 H 0.8011111 -5.1516498 -0.0695678
H -1.1992827 -5.0646770 -0.2679511 H -2.1858042 -4.7041793 -0.1467475 H -1.8625057 -4.8836342 0.0352115
H -4.9589335 -1.4762316 0.7806148 H -5.1234980 -0.4343096 0.7575925 H -5.1982984 -0.8145334 0.4475000
H -5.0353093 1.2024971 0.7371416 H -4.6774868 2.1872319 0.3953188 H -4.9323811 1.8523334 0.4009505
H -1.4771695 4.9903396 -0.3114477 H -0.4280365 5.1513455 -0.5023048 H -0.8695039 5.1991020 0.0029702
H 1.1987936 5.0645956 -0.2664136 H 2.1893897 4.6966074 -0.1303893 H 1.7960284 4.9306722 0.0115428
H 4.9593571 1.4755973 0.7770996 H 5.1338144 0.4196530 0.7212380 H 5.1439545 0.8588759 0.2683544
H 5.0356839 -1.2031102 0.7321427 H 4.6849003 -2.1986462 0.3403863 H 4.8762830 -1.8076455 0.2133381
H -2.5984817 -4.4808839 2.0341557 H -3.3199846 -3.6102401 2.4051276 H -3.4981806 -3.7073430 2.2827900
H -4.3119623 -6.2774304 2.0818185 H -5.2999619 -5.0827776 2.6866367 H -5.4112895 -5.2930618 2.3167998
H -6.0442301 -6.3971454 0.2971665 H -7.0603109 -5.1573208 0.9270251 H -6.8241575 -5.5867760 0.2873993
H -6.0642259 -4.7048662 -1.5295249 H -6.8330643 -3.7506419 -1.1151661 H -6.3183446 -4.2862108 -1.7749726
H -4.3644495 -2.8935394 -1.5656664 H -4.8527401 -2.2747987 -1.3955097 H -4.4052671 -2.6989019 -1.8079717
H -4.4874227 2.5910633 -1.6710166 H -3.5856207 3.2840188 -2.2501758 H -3.7415048 3.4739012 -1.9274699
H -6.3041185 4.2844567 -1.7016988 H -5.0836008 5.2408127 -2.5656958 H -5.3367728 5.3785973 -1.9894148
H -6.4363331 6.0048645 0.0936628 H -5.1993629 7.0175615 -0.8246861 H -5.6586861 6.8022412 0.0283561
H -4.7390151 6.0315496 1.9153756 H -3.8103227 6.8298531 1.2333487 H -4.3784352 6.3144117 2.1075645
H -2.9079233 4.3534544 1.9340106 H -2.3108409 4.8732992 1.5481692 H -2.7824393 4.4097157 2.1688105
H 2.5998171 4.4798311 2.0339895 H 3.3394647 3.5896729 2.4019782 H 3.5181977 3.7318489 2.1869202
H 4.3138325 6.2758677 2.0815280 H 5.3210560 5.0608001 2.6787844 H 5.4302711 5.3191475 2.1610715
H 6.0452727 6.3957886 0.2960848 H 7.0714662 5.1430164 0.9095854 H 6.7614224 5.6346107 0.0803125
H 6.0630887 4.7050080 -1.5320149 H 6.8325484 3.7453966 -1.1374829 H 6.1756183 4.3537637 -1.9731309
H 4.3627703 2.8941926 -1.5680628 H 4.8503871 2.2712588 -1.4133498 H 4.2634347 2.7650799 -1.9463339
H 4.4859788 -2.5909543 -1.6759123 H 3.5671822 -3.2718871 -2.3089397 H 3.6124839 -3.4107099 -2.0789981
H 6.3039566 -4.2829633 -1.7070380 H 5.0624553 -5.2252131 -2.6570785 H 5.1976799 -5.3202711 -2.2088363
H 6.4385685 -6.0025813 0.0889048 H 5.1969773 -7.0169558 -0.9327246 H 5.5774136 -6.7641801 -0.2157940
H 4.7407923 -6.0315535 1.9101527 H 3.8291992 -6.8477907 1.1410229 H 4.3653126 -6.2913205 1.9074378
H 2.9084675 -4.3548118 1.9292723 H 2.3321480 -4.8948370 1.4883048 H 2.7791660 -4.3819741 2.0365557
Cl  -0.0012981 0.0006347 -2.5205278 o -0.0048503 0.0027031 -1.7871324 o -0.0686779 0.0308889 -1.9208953
[71(2,-1) [2](4,-1)
E = -3250.523894400 E}, E = -3250.508384459 E},

78 78

Fe -0.0364858 0.0234236 -0.1537344 Fe -0.0360045 0.0245426 -0.3232475

N -0.2386879 -1.9397451 0.1154528 N -0.2290850 -1.9843908 0.1253784

N -1.9875763 0.2337702 0.1765335 N -2.0320342 0.2223571 0.1640533

N 0.1754414 1.9848820 0.1208746 N 0.1707163 2.0277366 0.1405032

N 1.9252294 -0.1887179 0.1049439 N 1.9740786 -0.1777438 0.0940936

C 0.7625967 -2.8800500 -0.0321892 C 0.7880093 -2.9060176 0.0515080

C -1.3887335 -2.6450718 0.1695406 C -1.3850799 -2.6864985 0.1285927

C -2.9243955 -0.7726649 0.3097867 C -2.9520884 -0.7966096 0.2338136

C -2.6952713 1.3833459 0.1561191 C -2.7330434 1.3769925 0.2009387

C -0.8304655 2.9259468 0.0154683 C -0.8485966 2.9507634 0.1081574

C 1.3267328 2.6900550 0.1381968 C 1.3253533 2.7297897 0.1106379

C 2.8663537 0.8169025 0.2120744 C 2.8952821 0.8410392 0.1397332

C 2.6314590 -1.3381883 0.0529641 C 2.6758696 -1.3332558 0.0946337

C 0.1856371 -4.2113188 -0.0918757 C 0.2212300 -4.2479448 -0.0042537

C -1.1362040 -4.0669524 0.0484012 C -1.1093618 -4.1124656 0.0459449

C -4.2526739 -0.1974925 0.4277623 C -4.2892698 -0.2318509 0.3570037

C -4.1119762 1.1278173 0.3211020 C -4.1546953 1.0997184 0.3340273

C -0.2560592 4.2576188 -0.0562760 C -0.2835942 4.2920644 0.0425714

C 1.0699819 4.1126368 0.0353119 C 1.0476849 4.1564838 0.0484748

C 4.1976664 0.2407952 0.2812972 C 4.2364360 0.2752702 0.2076359

C 4.0530050 -1.0838463 0.1712554 C 4.1017719 -1.0558796 0.1779278

C -2.6852020 -2.1178503 0.3039583 C -2.6851507 -2.1484220 0.1970778

C -2.1745085 2.6828951 0.0225522 C -2.1988760 2.6800047 0.1389142

C 2.6272606 2.1621430 0.2228659 C 2.6271235 2.1924642 0.1301901

C 2.1060318 -2.6368756 -0.0712908 C 2.1393242 -2.6346614 0.0385218

C -3.8314143 -3.0676958 0.4123131 C -3.8334829 -3.1024035 0.2333600

C -3.1313800 3.8242326 -0.0707586 C -3.1595820 3.8230120 0.1150417

C 3.7763040 3.1117626 0.2965159 C 3.7743204 3.1487207 0.1288699

C 3.0583814 -3.7777061 -0.2073290 C 3.0964927 -3.7794923 -0.0249227

C -4.0665757 -3.7531814 1.6083460 C -4.1065499 -3.8331896 1.3940639

C -4.6753120 -3.2818167 -0.6817887 C -4.6440490 -3.2728057 -0.8931027

C -3.8287828 4.0563946 -1.2603818 C -3.8900419 4.0980882 -1.0449871

C -3.3431420 4.6638398 1.0272581 C -3.3379428 4.6241555 1.2466279

C 4.0455156 3.7993721 1.4841720 C 4.0959565 3.8689236 1.2842248

C 4.5885379 3.3243497 -0.8216342 C 4.5316321 3.3353249 -1.0319491

C 3.7104080 -4.0025604 -1.4237853 C 3.7886769 -4.0519544 -1.2090481

C 3.3098841 -4.6249926 0.8763028 C 3.3055393 -4.5892302 1.0955836

C -5.1383426 -4.6379550 1.7100859 C -5.1818058 -4.7186142 1.4290485

C -5.7455025 -4.1690146 -0.5785822 C -5.7188949 -4.1597676 -0.8562126

C -4.7232473 5.1211109 -1.3514666 C -4.7874114 5.1638526 -1.0726156

C -4.2399343 5.7268604 0.9345989 C -4.2347144 5.6907230 1.2166786

C 5.1193044 4.6847250 1.5536921 C 5.1628766 4.7648816 1.2773102

C 5.6608823 4.2121235 -0.7506130 C 5.5989357 4.2325429 -1.0359924

C 4.5987883 -5.0681238 -1.5556931 C 4.6748507 -5.1259621 -1.2724934

C 4.2005962 -5.6887889 0.7427688 C 4.1948968 -5.6603648 1.0310142

C -5.9787045 -4.8467075 0.6170624 C -5.9882098 -4.8841651 0.3036159

C -4.9298401 5.9570301 -0.2547025 C -4.9611902 5.9610626 0.0576883

C 5.9278302 4.8920778 0.4366371 C 5.9153129 4.9476966 0.1175982

C 4.8446750 -5.9120406 -0.4732582 C 4.8786540 -5.9320419 -0.1529276

H 0.7561694 -5.1171074 -0.2213673 H 0.7996549 -5.1548786 -0.0802980

H -1.9013455 -4.8262841 0.0574802 H -1.8626300 -4.8837682 0.0224902

H -5.1532750 -0.7717971 0.5753069 H -5.1910458 -0.8145801 0.4587440

H -4.8700840 1.8932898 0.3601098 H -4.9216248 1.8536737 0.4104777

H -0.8308587 5.1640762 -0.1595014 H -0.8649944 5.1989431 -0.0062209

H 1.8348270 4.8721591 0.0216579 H 1.8004348 4.9270973 0.0018503

H 5.1029336 0.8139812 0.4021435 H 5.1418690 0.8572103 0.2812176

H 4.8117380 -1.8496527 0.1801535 H 4.8727926 -1.8084016 0.2215560

H -3.4093399 -3.5870056 2.4670942 H -3.4773707 -3.6989724 2.2793760

H -5.3201390 -5.1649011 2.6502836 H -5.3920033 -5.2797542 2.3427254

H -6.8191044 -5.5408575 0.6978550 H -6.8312067 -5.5791930 0.3307172

H -6.3997780 -4.3323634 -1.4387615 H -6.3456326 -4.2889330 -1.7425040

H -4.4886669 -2.7522496 -1.6206911 H -4.4285839 -2.7080099 -1.8047422

H -3.6632515 3.4026637 -2.1218395 H -3.7500942 3.4751873 -1.9333104

H -5.2594088 5.3008739 -2.2868051 H -5.3508066 5.3737294 -1.9851304

H -5.6315912 6.7918308 -0.3274436 H -5.6651175 6.7968743 0.0358338

H -4.4012993 6.3778212 1.7976862 H -4.3699176 6.3106170 2.1066571

H -2.8041797 4.4800874 1.9614686 H -2.7708234 4.4083657 2.1570792

H 3.4131950 3.6344000 2.3616610 H 3.5098593 3.7235571 2.1968326

H 5.3277644 5.2131939 2.4874690 H 5.4100717 5.3202863 2.1854143

H 6.7696995 5.5869335 0.4920661 H 6.7520015 5.6510875 0.1127303

H 6.2901293 4.3743439 -1.6294827 H 6.1874820 4.3734758 -1.9463013

H 4.3751619 2.7935311 -1.7541153 H 4.2813320 2.7760450 -1.9388177

H 3.5137488 -3.3426242 -2.2738975 H 3.6242394 -3.4234787 -2.0890447

H 5.0991897 -5.2423409 -2.5116689 H 5.2051708 -5.3368920 -2.2051184

H 5.5412730 -6.7477438 -0.5781300 H 5.5699642 -6.7775939 -0.2066049
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4.3930699
2.8065299
-0.0652427

oI

8.10

-6.3460221 1.5946568
-4.4468503 1.8312287

H 4.3539894 -6.2862718 1.9122404
H 2.7695224 -4.3764468 2.0254065
[¢]

0.0286211 -1.7370195 -0.0608517 0.0353064 -1.9141093
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Photolysis of an Archetypal Model Complex.
Photooxidation Versus Photoreduction of

Azido(porphinato)iron(lll)

Stefan Flesch** and Peter Vohringer®

Azidoporphinatoiron(lll) ([1]) is an archetypal model complex
for the photochemical generation of nitridoiron(V) complexes
via cleavage of dinitrogen. So far, this process has only been
studied with continuous irradiation in thin films under
cryogenic conditions or in frozen solutions. In addition, the
photooxidation from iron(lll) to iron(V) competes with photo-
reduction to iron(ll) via cleavage of an azidyl radical. The
quantum vyields of both pathways remained hitherto undis-
closed. Here, we investigated the photolysis of this model
complex in room temperature liquid solution using stationary

Introduction

Enzymes containing the heme moiety catalyze a vast variety of
metabolic conversions."” For example, the cytochrome P450
superfamily of enzymes catalyze hydroxylation reactions by
inserting oxygen into aliphatic C—H bonds.” Today, it is widely
accepted that the reactive intermediate in the catalytic cycle of
these enzymes adopts a so-called “m-cation radical” state - a
somewhat misleading term meant to represent a cationic
complex of iron(lV) exhibiting an axial oxido ligand and an
equatorial porphirinidyl radical anion ligand, i.e. [(por*")Fe" =
0?]". This notation should be given preference over represen-
tations like (por**)Fe¥=0, which are frequently used in the
literature although violating the conservation of charge.
Related compounds carrying the nitridoiron motif, Fe=N, are at
the core of significant research efforts due to their implication
in corresponding nitrogenation reactions.” For example,
nitrido(porphinato)chromium and manganese complexes were
observed to undergo reversible and irreversible complete
nitride exchange reactions.”

Trigonal symmetrical metal nitrides are typically stable
isolable species and their reactions with phosphines,”” carbon
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and time-resolved infrared spectroscopy. The two reaction
pathways are unambiguously identified in quenching studies
and their quantum yields are accurately determined.
Nitridoporphinatoiron(V) ([2]) exhibits N-atom-2-electron-trans-
fer reactivity toward tert-butyl isonitrile and forms a carbodiimi-
do species. In the presence of tert-butyl isonitrile, the two
products of the photoreduction pathway react to cationic
diisonitriloporphinatoiron(lll) and azide anions, which in turn
combine to reform [1] and the quencher.

monoxide,” and isonitriles® producing phosphoraniminato,
isocyanato, and carbodiimido products, respectively, have been
studied in great detail. In tetragonal symmetry, nitrido com-
plexes of late transition metals are non-isolable and elucidating
their reactivity requires complex time-resolved spectroscopies.”
Despite these promising applications, the properties of high-
valent nitridoiron complexes are not yet fully understood.
Specifically for neutral porphyrin-containing iron nitrides,
[(por)Fe=N]°, their reactivity in liquid solution under ambient
conditions has not yet been addressed at all.

Here, we examine the photochemistry of the complex,
azido(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(lll), aka
azidoporphinatoiron(lll) (in short, [Fe(tpp)(N;)] or [1]), in liquid
solution at room temperature. Compound [1] is a paradigmatic
compound, which was utilized in seminal work in the late
1980's by Wagner and Nakamoto"” to generate, for the first
time, a complex of a late transition metal that featured a
terminal nitrido ligand, specifically the species, [Fe(tpp)(N)] ([2]),
via Reaction (1).

[Fe" (tpp) (N5)] ——[Fe" (tpp) ()] + N, or

e (tpp ) (N)] + N, N

Since this product is inherently unstable, a thin film of the
precursor was deposited and subsequently irradiated under
cryogenic conditions, thereby, trapping the nitride and enabling
its detection by resonance Raman spectroscopy.

In liquid solution, an investigation of the photochemistry is
challenging because of the inherent instability of [2], which can
only be overcome in experiments that provide a sufficient time-
resolution. In addition, the photochemistry of transition metal
azides is more complex because apart from the photooxidation
(1), the photoreduction according to Reaction (2)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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[Fe”'(tpp)(N3)] _hi) Fe”(tpp)(D)] + N;° (2)

must also be taken into account.”™'” The release of the azidyl

radical generates a ferrous product ([3,.4]) with an axial vacancy,
. A cryomatrix, which greatly reduces the molecular mobi-
lities, suppresses photoreduction by promoting the prompt
geminate recombination.""**® |n contrast, liquid solutions
facilitate the cage escape and shift the product recombination
partially also into the bulk phase where it occurs as a diffusion-
driven bimolecular process on microsecond time scales and
longer.”*'"'7 Cage escape typically results in the coordination
of a molecule from the immediate solvent shell of [1].

Finally, a redox-neutral release of an azide anion according
to Reaction (3)

[Fe”'(tpp)(N3)] L[Felll(tpp)(m)r + N3_ (3)

can also occur, which conserves the oxidation state of the
metal. Reaction (3) will be preferred in highly polar media due
to the additional solvent stabilization of its charged products.
Just like before, filling of the axial vacancy by the solvent as
well as geminate and non-geminate bulk recombination of the
azide anion with the under-coordinated ferric product, [3], has
to be considered.”®'?

The relative quantum yields of Reactions (1)-(3) depend not
only on the environment but also on the wavelength of the
excitation light. For octahedral non-heme azidoiron(lll) bearing
an ancillary tetradentate secondary amine ligand, it was found
that the reductive and the redox-neutral Fe—N, bond cleavage
prevail in the visible-to-near ultraviolet region whereas the
oxidative N,—Nj dissociation emerges in substantial yields only
for shorter wavelengths in the ultraviolet region.*®'*? This is a
direct consequence of a prompt internal conversion following
the initial optical excitation and the wavelength-dependent
excess vibrational energy with which the parent complex is
dressed following its radiation-less return to the ground-state.
All three processes then occur as quasi-thermal unimolecular
reactions from the “hot” ground-state in a competitive
fashion.™™

The thermal instability of high-valent nitridoiron complexes
with fourfold symmetry reveals itself even in the absence of
reagents through the formation of dinuclear, pu-N bridged
complexes as final products.'"*™ According to Ref.[15b], a
reaction of the nitride with the parent via Reaction (4)

[Fe"(tpp)(N)] + [Fe" (tpp)(N5)] — 2 [Fe'(tpp) ()] + 2N, (4)
can produce two molecules of [3,.4 upon dinitrogen release.
Continuous irradiation results in a gradual consumption of [1]

and progressively accumulates [3,.4]. Therefore, the formation
of the diiron mixed-valence product according to Reaction (5)

[Fe"(tpp)(N)] + [Fe'(tpp) (01)] —[(tpp)Fe" —N—Fe" (tpp)]  (5)

becomes more likely over time.

Chem. Eur. J. 2023, €202301207 (2 of 10)

In this work, we wish to clarify the relative importance of
the three competing decay paths for [Fe(tpp)(N;)] in liquid
dichloromethane (DCM) solution at room temperature as a
function of the excitation wavelength. To this end, solutions of
[1] were photolyzed in the absence and in the presence of
suitable quenching reagents and the obtained products were
identified by stationary and time-resolved infrared spectro-
scopy. Such studies are urgently needed for elucidating the
molecular-level mechanisms responsible for high-valent iron
formation as well as for understanding the chemical reactivity
patterns of the captivating terminal nitridometal (M=N) and
oxidometal (M=0O) cores that are frequently encountered in
nature and technology.

Experimental Section

Complex [1] was prepared according to the procedure described by
Adams et al."® The electronic absorption spectra in the ultraviolet-
to-visible (UV-Vis) region were measured with a UV-160 spectropho-
tometer (Shimadzu) and stationary and rapid-scan Fourier-trans-
form infrared (FTIR) spectra were recorded with a Vertex 70
spectrometer (Bruker). Excitation pulses with a duration of 5 ns and
a center wavelength of 355 nm were obtained by frequency tripling
the fundamental output of a Q-switched Nd:YAG laser (Continuum
Surelite 1I-10). In addition, the 355 nm pulses were employed to
drive a tunable optical parametric oscillator (OPO, Continuum
Surelite) to generate excitation pulses centered at 412 and 510 nm.
Femtosecond pump-probe data were recorded with a laser system
described elsewhere.""”

Computational

Quantum chemical calculations within the framework of density
functional theory (DFT) were performed using the TURBOMOLE
program package (version 7.5)."® Specifically, Head-Gordon’s range
separated hybrid-functional ®B97X"® was used together with
Grimme’s D4-dispersion correction.”” For all atoms of porphyrin,
azide and isonitrile moieties, and the central iron atom, Ahlrichs’
triple-C basis set, def2-TZVP,*" was used whereas for all atoms of
the peripheral phenyl and tert-butyl groups, the smaller double-g
basis set, def2-SVP,*"®*? was applied. Molecular geometries were
optimized using the program’s default convergence criteria. The
converged structures were confirmed to be true minima on the
potential energy surface by performing harmonic frequency
calculations and verifying that all eigenvalues of the hessian matrix
were positive. Energies and unrelaxed difference densities of
electronic transitions were computed by time-dependent density
functional theory (TD-DFT).

Results and Discussion
Stationary spectroscopy

The UV-Vis spectrum of [1] in room temperature DCM solution
is reproduced in Figure 1(a). At first glance, it displays all the
features that are prototypical for the electronic spectra of
metalloporphyrins.”® In the near-UV region, it consists of two
very strong bands peaking at 414 nm and 361 nm with
extinction coefficients of 1.25x10° M 'em™’ and
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Figure 1. a) Stationary UV-Vis spectrum of [1] in DCM solution (black line)
and theoretically calculated electronic excitation spectrum (gray sticks). The
numbers indicate the root of some selected excitations. The stick spectrum
was convoluted by a Gaussian function with a full width at half maximum of
2000 cm™ (gray line). Labeled arrows indicate the excitation wavelengths (in
nm) used in the photolysis experiments. b-e) Isosurfaces of the unrelaxed
difference density of root 16, 23, 35 and 72, respectively (isovalues: red:
+0.0003, blue: —0.0003).

6.45x10*M'ecm™, respectively. In the visible region, four
resonances can be distinguished; namely, two bands centered
at 506 nm and 687 nm with extinction coefficients of
1.58x10*M'em™" and 4.1x10* M~'cm™’, respectively, and two
pronounced shoulders around 568 nm and 655 nm. According
to Gouterman’s four-orbital model® and more recent consid-
erations based on TD-DFT®! one would assign the 414 nm-
resonance to the B-band (or Soret band) and the resonances in
the visible to the Q-bands. However, in the presence of metal
centers with an open d-shell such as iron(lll), the spectra and
the electronically excited states must be understood in terms of
configuration interaction between the porphyrin singlet and
triplet mm* states with the tpp-to-Fe charge-transfer excited
states. In addition, there will be heavy mixing with N;-to-Fe
charge-transfer excitations as well. A very careful analysis has
been conducted by Kobayashi et al.” for a series of different
complexes of the type [Fe"(tpp)X] with X=Cl, Br, I, SCN, and

Chem. Eur. J. 2023, €202301207 (3 of 10)

CH,CO,, all of which occupy a d°-high-spin (S=5/2) ground-
state. Not surprisingly, the spectrum shown in Figure 1(a)
closely resembles that reported for X=SCN.

As shown in Figure 1(a), the TD-DFT-calculation is able to
reproduce the spectrum reasonably well except for the typical
overall blue-shift (here, ca. 4000 cm™). An analysis based on
natural transition orbitals demonstrates that the majority of
transitions cannot be assigned in a simple fashion to electronic
promotions between only one or two pairs of orbitals around
the HOMO-LUMO gap. The nature of the transitions can
however be interpreted qualitatively with unrelaxed electron
difference densities as follows. Transitions in the visible region
of the spectrum shift electronic density mostly from the
porphyrinato moiety to the metal center and the azido ligand,
i.e., tpp—Fe/tpp—N; charge-transfer (see Figure 1b). The
strongest 414 nm-band is best described as a mixed ligand-to-
metal charge transfer (LMCT) of the type tpp—Fe/N;—Fe (cf.
Figure 1c). Farther in the UV near 360 nm, the optical transition
also carries N;—Fe CT-character, which is now mixed with tpp-
qur* (cf. Figure 1d). Finally, deep in the UV, electronic transitions
begin to involve charge shifts from the peripheral phenyl rings
to the porphyrindiide core (cf. Figure 1e).

The stationary FTIR spectrum of [1] in DCM solution is
depicted in Figure 2, which emphasizes the antisymmetric
stretching region of the azido ligand only. The Ns;-stretching
mode absorbs at 2056 cm™’' with a molar decadic peak
extinction coefficient of 2150 M'ecm™, i.e., similar to other
transition metal azides.”” The Nj-resonance of [1] is frequency-
upshifted by 50 cm™ relative to the corresponding resonance
of the free azide anion in the same solvent. It is worth stressing
that the absorption strength of the antisymmetric stretching
mode of the azide barely changes upon ligation to the iron(lll)
center. As we have shown in a series of publications,®''¢1328
this property can be exploited in photolysis experiments to
quantify accurately the fraction of photoexcited parent com-
plexes that release an N;~ anion. Also shown in Figure 2 is the
absorption spectrum of tert-butyl isonitrile in the same spectral

3 L] L)
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Figure 2. Stationary FTIR-spectra in the region of the antisymmetric N;-
stretching vibration of [1] (blue) and tetrabutylammonium azide (red), and of
the —N=C stretching region of tert-butyl isonitrile (green), each measured in
DCM solution. The numbers indicate peak positions in cm™.
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region. Following previous work® we will use this molecule as a
quenching reagent to test for the presence of a metal nitride.
Its FTIR-spectrum exhibits a highly characteristic -N=C stretch-
ing absorption that peaks in DCM solution at 2140 cm™' and
although this band is significantly weaker than that of the azide
stretching mode, it can nonetheless serve as sensitive vibra-
tional probe of the reactivity of the Fe=N core.

Stationary photolysis difference spectroscopy

In a first experiment, solutions of [1] in DCM were exposed to a
single 412 nm laser pulse and a total of 400 rapid-scan FTIR-
spectra were recorded in the time window ranging from 70 ms
to 0.5 min. Since no temporal evolution was observed during
this time period, all spectra were averaged to improve the
signal-to-noise ratio and the result is reproduced in Figure 3(a)
by the blue curve. Given the temporal invariance of the data,
this spectrum corresponds to a stationary difference spectrum,
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Figure 3. a) 412 nm-photolysis difference spectra of a pure solution of [1] in
DCM (blue) and solutions containing tetrabutylammonium iodide with
various concentrations relative to the parent. The blue and red areas
represent the (inverted) properly scaled stationary FTIR spectrum of [1] and
N,~, respectively. Numbers indicate peak positions in cm™". b) Concentration
of generated azide anions relative to that of photolyzed [1] as a function of
the iodide quencher concentration for the three excitation wavelengths,
355 nm (blue circles), 412 nm (green), and 510 nm (red). The dashed curves
are intended for guiding the eye.

80 100
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which is equal to the difference between the sample’s
absorbance with and without the photolysis pulse. As such, the
negative signal that peaks at 2056 cm™' with an amplitude of
—0.7 mOD indicates a steady-state bleaching of the azide
antisymmetric stretching band of [1] and, hence, a permanent
photoconversion of the sample (see the blue-shaded area in
Figure 3a for the inverted and scaled stationary FTIR-spectra of
the solution). The net transformation of the sample does not
appear to generate stable products that absorb in the azide
stretching region unless their IR-absorption band is accidently
identical to that of [1]. Similarly, the generation of free azide
anions can also be ruled out since the spectrum lacks a positive
flash-induced positive band at the characteristic position of
2006 cm ™. Preliminary UV-pump/IR-probe experiments on time
scales ranging between 500 fs all the way up to 3.5 ns did not
reveal any spectroscopic signature of free N, either.”! There-
fore, we can dismiss the redox-neutral pathway (3) in the
412 nm-photolysis of [1] in liquid DCM entirely.

This leaves the photooxidation (1) and the photoreduction
(2) as the only two reaction pathways; however, neither of them
generates products that exhibit a characteristic and sufficiently
strong IR-absorption. Instead, the primary photoproducts must
be converted by suitable quenching reagents to secondary
products that are amenable to an IR-detection. Ideally, the
quencher should react quantitatively and selectively with either
one of the two primary fragments. For pathway (2), the azidyl
radical can be quenched with iodide anions in the one-electron
transfer reaction (6)!"'%*

N+ 17 —=N;~ + T (6)

This process has been reported’® to occur with a
bimolecular rate constant of 4.5x108M™'s™', which is suffi-
ciently high to suppress the self-quenching Reaction (7).

N;*+N;"—3N, (7)

Therefore, stationary 412 nm-photolysis difference spectra
were recorded again but now in the presence of tetrabutylam-
monium iodide at various concentrations. The results of this
quenching study are also displayed in Figure 3(a).

It can clearly be seen that the characteristic azide
absorption at 2006 cm™' grows in as the |™-concentration is
gradually increased. This finding demonstrates undeniably that
azidyl radicals are formed via the photoreduction pathway,
[1]1—[3,eal = N;°. In addition, it can also be noticed that the
negative permanent bleaching band markedly decreases as the
concentration of the quencher is raised. This is a quite
surprising observation, which actually contradicts the initial
expectations: Since the quencher effectively removes the azidyl
radicals, its geminate recombination, [3,.4] +N;*—[1], back to
the parent should be suppressed and consequently, the
permanent bleach should increase with increasing quencher
concentration and not decrease as observed in Figure 3a. Thus,
this unexpected observation gives evidence for a bimolecular
reaction that consumes the parent, [1], but that is inhibited
upon addition of the quencher.
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Finally, the absorption-to-bleach ratio in Figure 3(a) never
reaches a value of one even for the highest quencher
concentrations, at which all azidyl radicals are quantitatively
converted to azide anions. However, the equally intense
stationary FTIR-spectra of [1] and N, (cf. Figure 2) requests the
positive azide absorption to be almost exactly as strong as the
parent bleach. Therefore, the data in Figure 3(a) clearly reveal
that photoreduction cannot be the only pathway in the
412 nm-photolysis of [1]. Since the involvement of the redox-
neutral pathway was already dismissed above, we must
conclude here that the remaining consumption of [1] follows
the photooxidation pathway.

If indeed photooxidation and photoreduction occur simulta-
neously, we must take into account a reaction of the high-
valent Fe(V)-product with the iodide quencher. Such a reaction
would in fact suppress the bimolecular process (4), which reads
in short [1]1+[2]—2[3,d] +2 N,. Thus, an iodide-induced
quenching of [2] represents a bimolecular reaction that
suppresses the consumption of the parent and is therefore
indeed able to rationalize the decreasing permanent bleach
with increasing iodide concentration as observed above in
Figure 3(a).

To be more quantitative, Figure 3(b) plots the flash-induced
azide concentration, c(N;7), normalized to the flash-induced
parent consumption, —Ac([1]), as a function of the iodide
quencher concentration, c¢(I7). In the limit, c(I")—o, the
quantity, c(N;7)/|Ac([1])|, is equal to the fractional yield of
Reaction (2), f.q. This is because all azidyl radicals formed
therein are quantitatively converted to azide anions and all
bimolecular reactions affecting the total conversion yield of [1]
after the initial photodissociation (i.e., through the bulk
recombination of N;* and [3, and Reaction (4)) are fully
suppressed. From Figure 3(b), we infer a photoreduction
fraction of roundabout 40% for the 412 nm photolysis. The
photoreduction fraction, does not seem to follow a systematic
trend as it is found to be about 50% for the shortest
wavelength (355 nm) and 60% for the longest wavelength
(510 nm).

In addition, we emphasize that the complement, i.e., 60%
at 412 nm, 50% at 355 nm, and 40% at 510 nm, is equal to the
fraction of photooxidation, f,,, according to Reaction (1).

Note that the fractions, f.4 and f,,, need to be interpreted
under the restraint that they pertain only to the portion of
complexes, [1], that has been successfully photoconverted.
Thus, they differ from the primary photoreduction and photo-
oxidation yields, &4 and @,,. The latter are limited by the
primary quantum yield for photodecomposition, @ n= P eq+
@,,, which has to compete with the non-reactive recovery of
the ground state (e.g., through geminate recombination and/or
non-reactive internal conversion). The primary quantum yield of
these non-reactive channels is actually much closer to unity,
i.e, (1-D,;,)—1, as will be demonstrated below.

Chem. Eur. J. 2023, €202301207 (5 of 10)

Time-resolved FTIR-spectroscopy

Having obtained indirect evidence for the photooxidation
pathway, we are now confronted with the task of quenching
the nitrido-complex, [2]. To this end, we conducted photolysis
experiments in the presence of 1 equivalent of tert-butyl
isonitrile (‘BuNC), the results of which are depicted in Figure 4.
The reaction with isonitriles has been carried out previously
only with air-stable, isolable transition metal nitrides such as
nitridoferryl species with threefold-symmetry” or distorted
octahedral complexes with 4f and 5f-metals.®**"! The quench-
ing reaction when transferred to [2] becomes a N-atom-two-
electron transfer reaction, which generates (tert-butylcarbodii-
mido)(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(lll)  ([4])
according to Reaction (8).

[(tpp)Fe'=N] + '‘Bu—NC —[(tpp)Fe" —N=C=N—'Bu] 8
The asymmetric stretching vibration of the heterocumulene

moiety is known to be a very strong IR-absorber in the region
between 2100 cm™' and 2200 cm™'.741732

.T

1‘ 0.508

® 1.02  20.0
& 29.0
2200
1

2000 2100
Wavenumber /cm™

Time /s

Figure 4. a) Rapid-scan-FTIR spectra following 412 nm-photolysis of [1] in
DCM at room temperature and in the presence of 1 equiv. of ‘BuNC for
selected time delays as specified in the legend. Numbers indicate peak
positions in cm™. b) Kinetic traces at selected spectral positions as indicated
by the numbers.
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In Figure 4(a), such a band is indeed observed at a peak
wavenumber of 2121 cm™' and its intensity remains constant
for tens of seconds indicating that the ferric carbodiimide, [4], is
a stable species. In addition, the consumption of the quencher
is indicated by the negative bleaching signal at 2141 cm™
thereby further corroborating that Reaction (8) takes indeed
place.

Yet, two additional positive bands are also noticed in
Figure 4(a); namely, at 2006 cm™' and 2200 cm ™', the first of
which clearly originates again from free azide anions. Both of
these bands decay fully to zero on a time scale of several
seconds and, as evidenced by the kinetic traces (cf. red and
black curves in Figure 4b), their decays are highly correlated.
Interestingly, on exactly the same time scale, the bleaching
bands of [1] at 2056 cm™' and 'BuNC at 2141 cm™' partially
recover. The kinetic match of the four bands implies that [1]
and the quencher are reformed at the expense of N;~ and a
species that absorbs at 2200cm™'. Moreover, from the
amplitude changes, AmOD(t =0)-AmOD(t=30s), at 2006 cm™’,
2056 cm™', and 2141 cm™' together with the independently
determined extinction coefficients of N;~, [1], and ‘BuNC (cf.
Figure 2), it can be concluded that with each consumed azide
ion, one parent complex is regenerated and simultaneously two
isonitriles are released. In turn, this stoichiometry then suggests
that the 2200 cm™'-band arises from a diisonitrilo complex, [5],
and that the kinetic traces in Figure 4(b) track Reaction (9).

[Fe"(tpp) (CN ‘Bu),]* + N3~ —[Fe"(tpp)(N;)] +2 ‘Bu—NC  (9)

Previous studies of the binding of alkyl isonitriles to both,
ferrous and ferric forms of cytochrome P450 showed that the
ligation to Fe(ll) results in a downshift and the ligation to Fe(lll)
in an upshift of the —N=C stretching mode relative to the free
isonitrile.”® Therefore, the frequency-upshift observed in Fig-
ure 4(a) (from 2141 cm™' in free ‘BuNC to 2200 cm™' in species,
[5]) is consistent with the two isonitriles being bound to a ferric
center in a monocationic complex as expressed in Reaction (9)
and not to a ferrous center of a neutral species, [5,.q], with the
same stoichiometry. More convincingly, ferric diisonitrile, [5],
has been prepared previously,*” crystallographically character-
ized, and the IR-absorption of its nitrile stretching vibration in a
KBr pellet reported at 2200 cm™, in quantitative agreement
with our assignment.

The occurrence of the six-coordinate species, [5], is rather
puzzling and its formation mechanism must be addressed.
Interestingly, the N;7/[1] absorption-to-bleach ratio in the
isonitrile quenching experiment is maximal at t=0 when the
Reaction (9) has barely set in. From Figure 4(a), we determine a
value of 0.4, which is identical to the photoreduction yield
deduced from the iodide quenching data shown in Figure 3(a)
(brown spectrum). This agreement can be rationalized if the
N;~-formation is intimately connected with the photoreduction
pathway producing azidyl radicals and [3,4 as primary
products. The latter is an under-coordinated species that is in
principle able to bind up to two isonitrile molecules according
to Reaction (10).

Chem. Eur. J. 2023, 202301207 (6 of 10)

[Fe(tpp)(C1)] + 2 CN'Bu —[Fe'(tpp) (CN'Bu), ] (10

In short, Reaction (10) reads [3,eq] +2CNBu—[5,.4], Which
competes with the non-geminate (bulk) recombination with
azidyl, i.e., with [3,.q] + N;*—[1]. The simple ligation process (10)
is likely to prevail because in our experiments, c('BUNC) > c(N,"),
and a subsequent bimolecular electron transfer (11) can then
be held responsible for the appearance of [5] and azide anions.
[Fe'(tpp) (CN‘Bu),] + N;* —[Fe" (tpp) (CN'Bu),|* + N3~ (1)

The kinetic traces from Figure 4(b) can be analyzed as
follows. Since the IR-bands of the two reactants (R=[5], N;7)
decay synchronously and nearly completely within a few tens of
seconds, we assume that the condition, c([5]) = c(N;~) =cz, holds
at each instant in time, t. Thus, the integrated rate law for either
one of the reactants of (9) reads as in the following
Equation (12):

(12)

where ¢;(0) is the reactant concentration at t=0 (taking the
limited time-resolution into account), and k is the bimolecular
rate constant describing the kinetics of (9). The integrated rate
law can also be written in terms of the product (P) concen-
trations. One equivalent of R is converted into x, equivalents of
P (k,=1 for P=[1] or k,=2 for P="BuNC), which dictates that
¢ (t) — cp(0) = Kp[cr(0) — cg(t)] for all times. Moreover, since
the IR-bands of [5] and N;~ decay almost completely to zero,
both reactants are quantitatively consumed and thus,
¢p(0) — ¢p(0) = Kkpcp(0). Solving for cg(t) and ¢z(0) and
inserting into (12) yields Equation (13).

1 1

@) o @) oo X

(13)

The experimental observable is the photolysis-induced
optical density, AOD(t), as a function of time. This quantity is
connected to the reactant concentrations via Lambert-Beer's
law, &z(75) cp(t) d = AOD(¥4,t) — AOD(¥g, ), wWhere & () is
the extinction coefficient at the peak wavenumber, 7, of the IR-
band associated with reactant, R, and d is the optical path
length. The signal must be corrected for a small asymptotic
signal offset, AOD(7, ), that may arise from a minor photo-
chemical side product (see Figure 4a, residual absorption band
peaking at 2013 cm™). We then find from (12) the relation (14)
Op' = kit

1 1
= AOD (¥, t) — AOD (74, 0)  AOD(,,0) — AOD(¥g, )

(14)

with the effective rate constant, k; = k/[ez(¥;) d]. Likewise, for
the products, Lambert-Beer's law must be written as
e (Vp) p(t) d = AOD(¥p,t) — AOD(9,,0), where &(¥p) is the
extinction coefficient at the peak wavenumber, 7,, of the IR-
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band associated with product, P. Note here that both product
absorptions are measured against an initial flash-induced
bleach, denoted as AOD(7;,0). Inserting into (13) yields
Equation (15)

’

0, = —kyt
1 1

= AOD(#, t) — AOD(#,, )  AOD(¥p,0) — AOD(,, )

(15)

with the effective rate constant, k, = k/[k, &»(¥5) d]. According
to (14) and (15) the inverse of the properly referenced flash-
induced optical densities should correlate linearly with time
with the slope being proportional to the bimolecular rate
constant of Reaction (9). Such an analysis is carried out in
Figure 5, in which the time-dependent optical densities were
averaged over a certain wavenumber window (cf. gray-shaded
areas in Figure 4a) to improve the signal-to-noise ratio. It can be
seen that all IR-bands associated with the reactants and
products, respectively, nicely obey the bimolecular kinetics as
was initially presumed for Reaction (9). Linear regressions over

the time range from O0s to 11s yield slopes, k,’w,, listed in

Table 1, and a bimolecular rate constant k of

0.35)x10*M~'s™.

(2.03+

UV-pump/IR-probe spectroscopy

We finally need to determine the primary quantum yield for
photooxidation and photoreduction. The relative weights of
photoreduction and photooxidation, f..q and f,,, can be inferred
directly from the data displayed in Figure 3(b) in their
asymptotic limit, c(I7)/c([1])—co. However, to derive the com-
bined quantum yield of these reactive processes, i.e., D g+ Poyr
knowledge of the primary yield of all non-reactive processes
like internal conversion and geminate recombination is needed.
This information must be extracted from kinetic measurements
that are sensitive to the population in the electronic ground-
state of [1] and that have a sufficient time-resolution to monitor
these non-reactive dynamics.

To this end, we have chosen to conduct femtosecond UV-
pump/IR-probe experiments with excitation wavelengths
equivalent to those utilized in Figure 3(b). The probe pulses
were tuned to the azide’s antisymmetric stretching region
and consequently, such experiments report on the depletion
of the parent’s ground-state as a result of the initial optical

' ' excitation and the ensuing dynamics of ground-state pop-
< ulation recovery. These ground-state bleaching traces are
o b depicted in Figure 6.
by The data have been normalized to the initial bleach at the
o A earliest delays and, hence, their magnitude is equal to the time-
= 2006 dependent fraction of initially excited molecules that have been

, \ able to avoid the return to the electronic ground-state of [1].

. ' This fraction is then identical to the primary quantum yield of

2141 photoconversion, @, It can be seen that the bleaching traces

E- - recover on a time scale of several tens of picoseconds and
X approach an offset signal that remains for delays in excess of
Tn__ i 1 ns. Note that the combined primary photoconversion yield,
=) D i = DPeq + Do, determined here differs from the total yield
of photoconversion, which in turn is given by @, = P4+

'60 10 20 0 1'0 2'0 2@,,. The latter takes into account the additional consumption
Time /s of [1] caused by the bimolecular Reaction (4) with the photo-

Figure 5. Analysis of the time-dependent traces displayed in Figure 4(b)
according to bimolecular kinetics [cf. Equations (14) and (15)] for a) [5], b)
N;7, €) [1], and d) ‘BuNC. The symbols are the experimental data and the
straight lines are linear least squares fits. The numbers indicate the spectral

position of the band maxima in cm™".

oxidation product [2], amounting to another @,. This process,
however, takes place on time scales longer than those captured
in Figure 6. In fact, additional 400 nm-pump/IR-probe experi-
ments for delays of the order of microseconds unveiled a

Table 1. Kinetic analysis of the time-dependent IR-traces probing the species involved in Reaction (9). The quantities, ¥, and ¥, are upper and lower
limits of the spectral windows in which the extinction coefficient and the slopes were averaged. The mean values, (¢), together with slopes, k;

used to determine the rate constant, k.

/P Were then
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Species = ot e K T
i)

N3~ 1990 2021 1154 1.97+0.30 2274035

[1] 2041 2075 1004 1.88+0.30 1.88+0.30

BuNC 2134 2149 195 4.98+1.00 1.944+0.39

[5] 2183 2222 8321 2444030 2.0340.35%

[a] corresponds to the value that is consistent with a rate of 2.03x10* M~'s™". [b] corresponds to the average of the entries for the other three species.
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Figure 6. Femtosecond UV-pump/IR-probe kinetic traces for various excita-

tion wavelengths. All three traces are normalized to their respective maximal

bleach around a delay of zero. The data were recorded at a probe

wavenumber of 2056 cm™' corresponding to the peak of the N, antisym-

metric stretching vibration of [1]. Note that the abscissa switches from linear
to logarithmic scaling at a delay of 60 ps.

retarded increase of the bleaching signal by a factor of ca. 1.6
as expected according to Reaction (4).*”

Together with the data from Figure 3(b), we finally find
quantum yields of photooxidation, @,,= P (Photoreduc-
tion, @,.q="fgPprim) of 0.3% (0.5%) for irradiation with 510 nm
light, 44% (3.0%) for excitation around 400 nm and 2.9%
(2.9%) for the photolysis at 355 nm.

At this stage, we particularly emphasize the paltry
quantum yield for the nitridoiron(V) formation of 0.3% when
the precursor is excited at 510 nm, i.e., at almost exactly the
same wavelength that was used by Wagner and Nakomoto in
their original work."™ In addition, thin film samples at
cryogenic temperatures were used in Ref. [10] to perform the
photoconversion. The highly restricted molecular mobilities
in such samples strongly favor the geminate recombination
of the primary products and should lower the photooxidation
quantum yield even more. It is therefore only fair to wonder,
how such an experiment can actually be conducted success-
fully.

In Ref. [10], a continuous-wave argon ion laser emitting at
514 nm was used for excitation with optical powers as high as
70 mW. In addition, the excitation light was even focused onto
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(tpp)Fe" N, [1]

: photo- ” photo-
reduction ] oxidation
. (tpp)Fe'-O (tpp)FeV=N
N [3rea Nz 2]

x=2 x=
x=2
(tpp)Fe'(CN'Bu), (top)Fe'-N=C=N-'Bu
[5reql [4]

(tpp)Fe"(CN'Bu),”
[5]

Figure 7. Summary of the photochemical processes revealed in this study.
Optical excitation results in two pathways, photoreduction (blue) and
photooxidation (red). The appearance of the photoproducts was exposed in
quenching experiments using iodide anion and tert-butyl isonitrile as
reagents.

the sample with a cylindrical lens of unspecified focal length.
Notice that nearly all parent complexes return to their
electronic ground-state non-radiatively, either by internal
conversion or geminate recombination. In other words, the
photon energy is quantitatively converted into kinetic energy of
the nuclei and eventually dissipated as heat within the
excitation focal volume. It is therefore quite likely that the
sample was locally heated to above the melting point. In
addition, the porphyrin ancillary ligand is exceptionally photo-
stable and pathways other than photooxidation and photo-
reduction have been observed neither in Ref. [10] nor by us. As
a result, the complexes can be optically cycled many times
without being irreversibly bleached. Thus, a continuous and
sufficiently intense irradiation over extended periods may
eventually result in an appreciable accumulation of the desired
nitridoiron(V) product.

Conclusions

In summary, we have explored the photolysis of Nakamoto’s
paradigmatic complex, azidoporphinatoiron(lll), in liquid
solution at room temperature using stationary and time-
resolved infrared spectroscopy. Surprisingly, the complex is
photochemically remarkably robust, with total conversion
yields of just a few percent for excitation in the visible-to-
near-UV spectral region. The photoconversion splits roughly
evenly between photooxidation and photoreduction as
summarized in Figure 7. The former process generates
nitridoporphinatoiron(V) by N,—Ng bond breakage with loss
of N,. The appearance of the high-valent product was verified
by its quenching reaction with an isonitrile, which yields a
ferric carbodiimido species that could be detected by its
highly characteristic N=C=N-stretching vibration. The latter
process generates porphinatoiron(ll) by Fe—N, bond break-
age with loss of N;*. The appearance of the azidyl radicals
was verified by their quenching with iodide ions, which yields
azide anions that could be detected by their unmistakable
antisymmetric stretching band. The appearance of the lower-
valent product was also verified indirectly in the isonitrile
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quenching study, in which it gave rise to a ferric diisonitrilo
species that was observed through its characteristic nitrile
stretching mode. This unexpected reactivity requires the
initial ligation of the quencher and a subsequent Fe(ll)-to-
azidyl electron transfer. The ferric diisonitrile is unstable
under the quenching conditions and combines with N;~ to
release the quencher and reform the parent. Further experi-
ments are currently underway in our laboratories to explore
in greater detail the primary processes using femtosecond
UV-pump/IR-probe experiments with detection of vibrational
bands of the porphinato ligand that are specifically sensitive
to the electronic structure of the intriguing high-valent
species, (tpp)Fe'=N.

Supporting Information

The authors have provided a Supporting Information including:
synthesis of [1], detailed experimental and computational
methods, detailed computational results, difference spectra and
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1 Experimental Details
1.1 Synthesis

H,0, CHCl3, cat.H;S0,

[Fe(tpp)Cl] + NaN3 —————————— [Fe(tpp)(N3)] + NaCl

The synthesis of Azido(5,10,15,20-tetraphenylporphyrin-21,23-diido)iron(lll) [Fe(tpp)(Ns)], [1]) was performed as
described by Adams et al. in the literature.!! 501 mg (0.71 mmol, 1.0 equiv.) [Fe(tpp)(Cl)] (Thermo Fisher) were treated
with 250 ml of Chloroform (Thermo Fisher, 99%, stab. with 0.8-1% ethanol), a solution of 3.52 g (54 mmol, 76 equiv.) of
sodium azide (Sigma Aldrich, purum p.a., 299.0% (T)) in 75 ml of water and 8 drops of concentrated sulfuric acid (Merck,
95-97%). After stirring the mixture at ambient temperature for 30 hours, the organic phase was separated from the
aqueous one, filtered and dried by addition of 370 mg of anhydrous sodium sulfate, stirring for 3 hours and filtered again.
Afterwards, the solvent was removed under reduced pressure and the purple product was dried for 20 hours under
vacuum at 70 °C. Yield: 412mg (82 %).

IR: (CHCly, 295 K): & / cm™ (¢ / L mol™™ cm™) = 1074 (330), 1179 (110), 1202 (220), 1340 (430), 1442 (380), 1488 (250),
1599 (180), 2056 (2150).

UV-Vis: (CH,Cl,, 295 K): A/ nm (log10( / L mol™* cm™)) = 250 (4.32), 270 (4.30), 362 (4.81), 414 (5.09), 506 (4.20), 567
(3.67), 656 (3.52), 687 (3.61).

Elemental analysis: (mass fraction / %)
Experimentally found: C - 72.78, H - 4.198, N - 13.25.
Anal. calc. for CasHogFeN7: C - 74.37, H - 3.972, N - 13.80.

1.2 Experimental Methods

The stationary UV-Vis spectrum was recorded on an UV-160 spectrophotometer (Shimadzu) with a spectral resolution of
3 nm. To this end, 3.3 mmolL" and 0.33 mmolL™ solutions of [1] in dichloromethane (>=99.8, analytical reagent grade,
stabilized with amylene) were filled into 1 mm quartz cuvettes (Hellma Analysitcs). Stationary and Rapid-Scan FTIR
spectra were measured on a Vertex 70 spectrometer (Bruker) with a resolution of 5 cm™. All stationary spectra were
referenced against the pure solvent CH,Cl, measured under identical conditions. Unless stated otherwise, difference
spectra were recorded immediately after the excitation pulse and averaged over 30 s. Rapid-scan and steady-state
difference measurements were carried out with a temporal resolution of 72.5 ms. Excitation pulses were generated by a
Q-switched Nd:YAG laser (Continuum Surelite 11-10). In more detail, 355 nm pulses are produced by third harmonic
generation of the fundamental frequency. 412 nm and 510 nm pulses were obtained by application of an optical
parametric oscillator (OPO, Continuum Surelite) driven by third harmonic of the laser output. Excitation pulses were set
to an energy of ca. 18 mJ. Photolyzed solution of [1] in CH,Cl, had a concentration of 3 mmolL™. Tetra-n-
butylammonium iodide (Alfa Aesar, 98%) was added in amounts equal to concentrations of 3, 10.5, 30, 105 and
300 mmolL™. The concentrations of tert-butyl isonitrile (Alfa Aesar, 98%) was adjusted to 3 mmolL™ when required. For
all FTIR measurements, solutions were filled into home-built stainless steel cell equipped with two CaF, windows (4 mm,
Korth Kristalle GmbH) and PTFE spacers providing an optical path length of 0.1 mm. The experimental setup employed

in the femtosecond pump-probe measurements is described in detail in Ref. [2].



1.3 Computational Methods

Quantum chemical calculations were carried out using the program package TURBOMOLE 7.5.F All calculations
employed the range-separated hybrid density functional wB97X," dispersion correction D4® and the basis sets def2-
TzVP¥ (for all atoms of the porphyrin, azide and isonitrile moieties and the central iron atom) and def2-SVP!® 7! (for all
atoms of the phenyl and tert-butyl groups). Geometry optimizations were converged with the following thresholds (in
atomic units): energy change < le-6, rms displacement < 5e-4, max. displacement < 1e-3, rms gradient < 5e-4, max
gradient < 1e-3. Analytical frequency analyses of the converged structures within the harmonic approximation yielded
exclusively positive eigenvalues of the hessian matrix and, thus, verifies them to be true minima on the potential energy
surface. The electronic excitation spectrum of [1] was calculated by time-dependent density functional theory (TD-DFT).
The calculation was considered as converged at an Euclidian norm of the residual vector of less than 1e-7 au.

2 Computational Results
2.1 XYZ coordinates

'BUNC, S=0 Ns, S=0
E = -250.5256084295 au E =-164.2451801355 au

[y
[

3

-0.0002521 -0.0000251 2.3148353 N 0.0166730 0.0000005 0.1666668
-0.0000369 0.0000022 1.1520102 N 1.1797271 -0.1293123 0.1973535
0.0000323 0.0000033 -0.2922364 N -1.1464001 0.1293117 0.1359797
1.4556797 0.0000017 -0.7643627
1.9842844 0.8922773 -0.3981878

1.9842860 -0.8922675 -0.3981746
1.4899852 -0.0000066 -1.8643946
-0.7277989 1.2606406 -0.7643069

-0.7277990 -1.2606364 -0.7643017
-1.7648066 1.2723028 -0.3980491
-0.2193720 -2.1645400 -0.3980594

-1.7648063 -1.2722971 -0.3980425
-0.2193724 2.1645463 -0.3980694
-0.7450113 1.2904256 -1.8643329
-0.7450123 -1.2904271 -1.8643275

IITIIIIIOOIIITIOOZO




[Fe(tpp)(Ns)], [1], S =5/2
E = -3339.798057079 au
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Fe -0.0530383
0.8554873
-1.8686169
-1.0001672
1.7239598
2.2031465
0.2563909
-2.0905983
-3.0047527
-2.3451171
-0.4006413
1.9433775
2.9500894
2.4600416
1.2606419
-3.5036903
-4.1227562
-2.5979011
-1.4000466
3.3528729
3.9739425
-1.1147267
-3.3378914
0.9676904
3.1950174
-1.5717226
-4.7605193
1.4213392
4.6187984
-1.4345693
-2.1442052
-5.4996504
-5.3750697
1.2397331
2.0362685
5.3224708
5.2612613
-1.8622022
-2.5705490
-6.8283440
-6.7042177
1.6658782
2.4615058
6.6501438
6.5898203
-2.4308966
-7.4336423
2.2776231
7.2864050
3.4402461
1.0603417
-3.9530682
-5.1812031
-3.5735624
-1.1973538
3.7978672
5.0303527
-0.9907862
-1.7523893
-2.7658479
-3.0120148
-2.2498620
-5.0212960
-7.3934764
-8.4760262
-7.1737430

IIIITIIIIIIIIIIIIIIOOOOOOOOOO0O00000000000000000000000000000000000002222Z2

0.0098970
-1.7807064
-0.9134424

1.8063237

0.9386628
-2.0054040
-3.0083068
-2.2574196
-0.3142000

2.0323010

3.0327981

2.2842594

0.3403457
-3.4192728
-4.0374618
-2.5105348
-1.3129140

3.4469909

4.0634723

2.5380331

1.3402268
-3.2506436

1.0566097

3.2762114
-1.0290145
-4.6718517

1.5052929

4.6985769
-1.4765740
-5.4317016
-5.2626749

1.3265088

2.1044125

5.4620743

5.2849277
-1.3905496
-1.9845208
-6.7577177
-6.5889678

1.7411902

2.5179676

6.7882766

6.6113083
-1.8084741
-2.4007087
-7.3394766

2.3380201

7.3658424
-2.3137308
-3.8687815
-5.0971053
-3.4853704
-1.1092117

3.9001217

5.1227032

3.5148393

1.1353218
-4.9725371
-7.3394183
-8.3799335
-7.0395186
-4.6726961

0.8605788

1.5987845

2.6635761

2.9811413

-0.2734684
0.2689536
0.1217133
0.1692859
0.2669226
0.2601636
0.2742869
0.2166525
0.1153589
0.0908135
0.2099037
0.3442343
0.3125878
0.2523348
0.2681056
0.2848947
0.2184122
0.0600359
0.1375453
0.4723966
0.4429544
0.2635906
0.0607515
0.3014699
0.2657971
0.3038360
-0.0075147
0.3532254
0.2100164
1.4700264
-0.8273401
-1.1812963
1.0968318
1.5106796
-0.7576225
-0.9956810
1.3428250
1.5049070
-0.7937576
-1.2505683
1.0288200
1.56571871
-0.7122514
-1.0656688
1.2721462
0.3728053
-0.1456445
0.4455684
0.0675418
0.2335951
0.2625051
0.3884340
0.2564785
-0.0152707
0.1388772
0.5764981
0.5172096
2.3580332
2.4242371
0.3997568
-1.6868717
-1.7422299
-2.0475324
-2.1757200
-0.1999037
1.9009623

[Fe(tpp)(NCN'Bu)], [4], S =5/2

E =-3480.898519609 au
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Fe -0.0063336
-0.2222551
-2.0224799
0.1992390
1.9980708
0.7797662
-1.3960041
-2.9463663
-2.7171622
-0.8031038
1.3728468
2.9212011
2.6939790
0.2194113
-1.1230667
-4.2667406
-4.1255107
-0.2394156
1.1004625
4.2424647
4.1027111
-2.6757430
-2.1677978
2.6510242
2.1459675
-3.8374779
-3.1114812
3.8124367
3.0894606
-4.1796738
-4.5991749
-3.8374199
-3.2873300
4.1193443
4.6087652
3.7276204
3.3506268
-5.2654263
-5.6841439
-4.7210728
-4.1712742
5.2029715
5.6917612
4.6122481
4.2370961
-6.0199715
-4.8897887
5.9915173
4.8692518
0.7901736
-1.8719213
-5.1774813
-4.8970960
-0.8090668
1.8508300
5.1529841
4.8750824
-3.5880009
-5.5251750
-6.8717633
-6.2694423
-4.3310846
-3.7002609
-5.2792308
-5.5826052
-4.3016435
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0.4984072
-1.5723389
0.6255863
2.3876215
0.2031824
-2.4770242
-2.2638275
-0.3750836
1.7753024
3.3053500
3.0657989
1.1733330
-0.9532853
-3.7789714
-3.6488342
0.1638336
1.4903423
4.6088153
4.4604749
0.6048425
-0.7045684
-1.7216994
3.0426110
2.5188850
-2.2006466
-2.6472798
4.1863561
3.4347729
-3.3146600
-3.5443657
-2.6266132
4.6768460
4.7801299
3.9161589
3.8239924
-3.3471791
-4.3275904
-4.4049678
-3.4875449
5.7425699
5.8456205
4.7715774
4.6800928
-4.3778366
-5.3573352
-4.3784816
6.3297397
5.1556007
-5.3846668
-4.6732810
-4.4149093
-0.4139817
2.2192919
5.5155222
5.2206933
1.1491367
-1.4517663
-3.5612077
-5.0990829
-5.0534530
-3.4628518
-1.9273835
4.2163362
6.1185984
7.1662446
6.2983885

-0.6026221
-0.4286674
-0.0994059
0.2516720
-0.1345201
-0.6333600
-0.5241936
-0.2033950
0.1296968
0.3860721
0.4131472
0.1179376
-0.3433786
-0.8651401
-0.7901090
-0.0216656
0.1831319
0.6211824
0.6423557
0.0962037
-0.1975167
-0.4242739
0.3249605
0.3600285
-0.6210187
-0.5785006
0.5037201
0.5698512
-0.9339384
0.4379761
-1.7513642
-0.5865228
1.7578452
1.8464604
-0.5120431
-2.1783389
-0.0064827
0.2851393
-1.9053169
-0.4265229
1.9188631
2.0384487
-0.3210148
-2.4900776
-0.3179955
-0.8869027
0.8266201
0.9548266
-1.5604044
-1.0600669
-0.9154060
-0.0325686
0.3743658
0.7493399
0.7916975
0.2911728
-0.2905063
1.3577347
1.0890898
-1.0067374
-2.8285330
-2.5490273
-1.5690904
-1.2883201
0.9523731
2.9056233



-4.8018216 2.2417396 2.0182030
0.7619092 5.0058715 2.3824400
1.5212150 7.3733174 2.4695724
2.6119580 8.4062310 0.4817723
2.9377004 7.0584467 -1.5890974
21778787 4.6912737 -1.6653298
4.8151346 -0.9981109 -1.8826458
7.1896831 -1.7413177 -2.0142334
8.3281075 -2.6414753 0.0116277
7.0840627 -2.7941554 2.1647212
47117779 -2.0508840 2.2863700
0.1530499 -0.0185684 -2.1761057
1.1927099 -0.1764775 -2.7602214
2.1562543 -0.3225719 -3.3353128

-2.7252988 4.3966659 2.6142895
3.5003828 3.6118873 2.6954197
5.4339740 5.1383739 3.0423586
6.8414944 5.8268736 1.1047839
6.3035956 4.9800983 -1.1761512
4.3694978 3.4514528 -1.5122403
3.5177017 -2.5557523 -2.9045477
5.1030945 -4.3938538 -3.4669800
5.5644522 -6.1926291 -1.8043232
4.4378284 -6.1419347 0.4167310
2.8556748 -4.3021277 0.9686434
0.0456608 0.7424479 -2.4866764
0.3882966 -0.0145815 -3.3637593
0.8080066 -0.7338004 -4.2585278
0.0663486 -1.8047033 -4.9380389
-0.0116107 -1.4412673 -6.4223396
-1.3393015 -1.9630469 -4.3540006
0.8634210 -3.0977990 -4.7535380
-0.5774523 -0.5075328 -6.5624908
-0.5091666 -2.2406097 -6.9946095
0.9986768 -1.2921320 -6.8316802
1.8830675 -2.9779367 -5.1506592
0.9399350 -3.3546906 -3.6849090
0.3789336 -3.9361582 -5.2792055
-1.9159251 -1.0303574 -4.4613532
-1.8868054 -2.7677798 -4.8686289
-1.2924205 -2.2160541 -3.2823946

ZZZIITIIIIIIIIITIT
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[Fe(top)(CNBu)J*, [5], S = 1/2
E = -3676.492306638 au
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Fe 0.0059070 -0.0118762 -0.0306716
0.0204897 2.0086034 0.1097847
-0.0144859 0.1304736 -2.0507036
0.0039078 -2.0308624 -0.1724732
0.0118458 -0.1531237 1.9886188
0.1023533 2.7449374 1.2479587
0.0700642 2.8974084 -0.9152175
-0.0633188 1.2705532 -2.7881692
-0.0978278 -0.8927964 -2.9382800
-0.0215352 -2.7697403 -1.3117349
0.0212973 -2.9221627 0.8519707
-0.0104646 -1.2916218 2.7275097
0.0341179 0.8719530 2.8798064
0.2341667 4.1413897 0.9336904
0.2145547 4.2361389 -0.4123253
-0.2094092 0.9585823 -4.1843326
-0.2304921 -0.3870632 -4.2777046
0.0031969 -4.1736575 -0.9996544
0.0176587 -4.2686543 0.3455898
-0.0105952 -0.9791381 4.1310722
0.0060022 0.3665609 4.2256786
0.0040128 2.5727740 -2.2775164
-0.0811179 -2.2562516 -2.6132507
0.0026956 -2.5957115 2.2139120

O0000000000000O0O0O00O0OZZZZ
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0.0865410
0.0070199
1.0874243
1.0929005
0.0138691
-1.0681972
-1.0697434
-0.1406895
0.9408560
0.8885757
-0.2486556
-1.3325133
-1.2777646
-0.0068686
1.1282982
1.1184429
-0.0275125
-1.1633406
-1.1524749
0.1334347
1.2634366
1.3065127
0.2174652
-0.9136342
-0.9540027
0.3430115
0.3046883
-0.2993732
-0.3404511
0.0069349
0.0211327
-0.0171563
-0.0002929
1.9320513
1.9458068
0.0161917
-1.9180234
-1.9174605
1.8310887
1.7422885
-0.2906551
-2.2280090
-2.1273832
2.0265837
2.0124614
-0.0354468
-2.0655099
-2.0423941
2.1168662
2.1971693
0.2505046
-1.7713524
-1.8393437
1.9425836
3.0952783
-1.9300539
-3.0837423
4.5386272
4.9863108
4.8939071
5.1111148
4.6966151
6.0807774
4.5368521
4.4497964
5.9862547
4.5313996
4.8195000
4.7541106
6.2092295
-4.5301088
-5.0541192

2.2326071 2.5522283
3.6961151 -3.2543935
3.8702875 -4.1257078
4.9243072 -5.0364854
5.8052720 -5.0930476
5.6335223 -4.2308445
4.5873859 -3.3109468
-3.2305468 -3.7384337
-3.3600274 -4.6156251
-4.2748472 -5.6650035
-5.0588922 -5.8534184
-4.9288437 -4.9862928
-4.0219908 -3.9301241
-3.7198920 3.1918549
-4.5185370 3.3620004
-5.5664904 4.2801276
-5.8297325 5.0290887
-5.0392577 4.8600866
-3.9857275 3.9485447
3.2128035 3.6726836
3.3008997 4.4921267
4.2273991 5.5317241
5.0651934 5.7677661
49777462 4.9575336
4.0594938 3.9107195
4.9359632 1.6538297
5.1239038 -1.0168692
1.6808533 -4.9793070
-0.9900351 -5.1643809
-4.9733871 -1.7222204
-5.1622343 0.9483356
-1.7011491  4.9312992
0.9694233 5.1191383
3.1769198 -4.0821033
5.0579956 -5.7068948
6.6287530 -5.8117907
6.3196170 -4.2741288
4.4526134 -2.6331991
-2.7419919 -4.4685791
-4.3757116 -6.3401136
-5.7736093 -6.6793127
-5.5383314 -5.1325719
-3.9198202 -3.2489593
-4.3119611  2.7732150
-6.1815920 4.4112236
-6.6537933 5.7470844
-5.2438433 5.4423810
-3.3635957 3.8167594
2.6421169 4.3075434
4.2953818 6.1616950
5.7891122 6.5860226
5.6301140 5.1407080
3.9916662 3.2722516
0.0103434 -0.0078863
0.0510045 0.0416921
-0.0334862 -0.0356381
-0.0720981 -0.0528892
0.1305660 0.1335913
1.3354821 -0.6953833
0.3089447 1.6108414
-1.1735207 -0.4234059
1.2145706 -1.7495748
1.4318035 -0.6447315
2.2633393 -0.3118781
1.2326422 2.0105900
0.3719384 1.7225652
-0.5414203 2.2068722
-1.3121454 -1.4747555
-2.0375573 0.1559908
-1.1473960 -0.3680846
-0.1383921 -0.0872335
1.2891334 -0.2505477
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-4.9210131
-4.9938362
-4.6865101
-4.7352325
-6.1534995
-4.5469902
-6.0168576
-4.5116767
-6.0917945
-4.6716035
-4.5852988

-1.0149491
-0.7544460

1.7361576

1.9219013

1.2774215
-0.5862496
-1.0870469
-2.0299672
-0.8184570
-0.1397104
-1.7682988

-1.2784148
1.2337690
-1.1858736
0.5906164
-0.2796598
-2.2198704
-1.3396018
-1.1670459
1.2456986
2.0870446
1.3572136

2.2 Vibrational Frequencies

Table S1. Calculated vibrational frequencies and IR intensities | Table S2. Calculated vibrational frequencies and IR intensities
of BUNC, S =0. of N3, S=0.
mode Wavenumber IR intensity mode Wavenumber IR intensity
/cm? / km mol* /cm? / km mol*
1 0 0 1 0 0
2 0 0 2 0 0
3 0 0 3 0 0
4 0 0 4 0 0
5 0 0 5 0 0
6 0 0 6 706.86 13.05365
7 173.69 2.59829 7 707.24 13.05232
8 173.92 2.59952 8 1423.22 0.00000
9 214.14 0.00128 9 2170.45 1233.72982
10 276.19 0.07558
11 279.57 0.07138
12 360.32 0.01496
13 360.47 0.01577
14 396.73 0.69660
15 520.11 3.34694
16 520.35 3.34942
17 722.74 4.87607
18 899.65 3.08549
19 948.49 1.18525
20 948.95 1.17721
21 965.68 0.00163
22 1053.29 0.32768
23 1053.63 0.31902
24 1256.26 55.19963
25 1277.37 9.93553
26 1277.77 10.02681
27 1397.65 18.69248
28 1398.62 18.5512
29 1420.00 6.76627
30 1447.30 0.00020
31 1459.60 0.21241
32 1460.68 0.25474
33 1476.09 5.29001
34 1476.43 5.19179
35 1494.14 8.72208
36 2266.68 170.56966
37 3071.20 11.43217
38 3071.28 11.46690
39 3075.73 8.10897
40 3176.24 1.26920
41 3176.33 1.40490
42 3181.44 27.88811
43 3181.86 0.00884
44 3184.49 15.38467
45 3184.60 15.5958




Table S3. Calculated vibrational frequencies and IR intensities | Table S4. Calculated vibrational frequencies and IR intensities

of [Fe(tpp)(N3)], [1], S =5/2. of [Fe(tpp)(NCN'BU)], [4], S =5/2.

mode Wavenumber IR intensity mode Wavenumber IR intensity

/cm? / km mol™* /cm? / km mol®

1 0 0 1 0 0
2 0 0 2 0 0
3 0 0 3 0 0
4 0 0 4 0 0
5 0 0 5 0 0
6 0 0 6 0 0
7 9.09 0.00088 7 3.26 0.0345
8 18.15 0.18379 8 10.41 0.0538
9 25.35 0.55606 9 19.13 0.4916
10 26.61 0.36002 10 20.24 0.1098
11 30.10 0.36681 11 25.73 0.6636
12 33.27 0.10285 12 27.75 0.2026
13 37.18 0.29298 13 30.15 0.2535
14 38.53 0.36210 14 32.55 0.1072
15 44.90 0.05885 15 34.71 0.0237
16 46.94 0.05359 16 44.64 0.0591
17 49.26 0.25218 17 46.20 0.0875
18 50.95 0.16593 18 49.67 0.2824
19 58.91 0.24077 19 50.10 0.3989
20 64.84 0.01110 20 52.45 0.2132
21 80.10 0.00220 21 57.12 0.1062
22 95.23 0.60296 22 65.92 0.2651
23 101.01 0.04923 23 71.72 0.4171
24 117.36 0.02741 24 80.14 0.0042
25 122.68 0.14093 25 94.32 1.7423
26 127.32 0.32193 26 101.71 0.0190
27 145.98 0.03767 27 113.05 0.5479
28 147.16 0.19317 28 123.92 0.0108
29 196.56 0.65387 29 140.96 0.3886
30 199.96 0.70421 30 145.25 0.0916
31 205.99 1.30788 31 173.22 4.2350
32 222.54 0.59279 32 196.15 0.6352
33 223.63 0.79745 33 199.39 0.7105
34 226.06 1.20545 34 206.23 1.1351
35 233.31 1.48045 35 222.73 0.4583
36 235.74 0.49921 36 223.23 0.8864
37 238.47 0.64721 37 229.41 0.8647
38 246.53 0.51167 38 230.66 1.2983
39 257.81 0.58409 39 231.84 0.0272
40 270.05 4.99112 40 236.36 0.1897
41 291.60 0.14197 41 245.77 1.0870
42 292.93 0.42681 42 246.95 2.4813
43 297.87 0.42684 43 257.79 0.4287
44 299.29 0.11110 44 269.02 4.7326
45 331.92 0.01190 45 289.85 0.4029
46 332.39 0.00940 46 292.25 0.0122
47 348.07 0.04541 47 292.67 0.6647
48 401.92 7.30299 48 294.48 0.0682
49 412.59 9.29365 49 296.09 0.5740
50 414.58 7.07618 50 299.17 0.0441
51 417.48 0.01204 51 324.49 1.8849
52 421.68 0.17468 52 332.33 0.0140
53 422.03 0.03897 53 332.67 0.0115
54 422.67 0.02055 54 346.20 1.6781
55 423.23 0.05064 55 348.61 0.0030
56 449.27 9.93433 56 389.63 14.4535
57 449.50 11.96226 57 399.48 11.4368
58 462.18 1.21332 58 412.53 10.1125
59 465.73 70.05778 59 413.89 6.8662
60 469.72 0.03672 60 417.14 0.0058
61 523.52 0.82374 61 421.79 0.1744
62 528.17 2.02347 62 422.25 0.0121
63 533.34 1.65304 63 422.94 0.2629
64 568.52 0.01394 64 423.62 0.1133
65 582.35 0.15873 65 448.79 12.5311



108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

584.18
586.18
597.50
636.98
637.46
637.95
639.82
642.10
657.85
673.51
675.75
681.26
684.24
688.79
691.77
701.38
702.04
702.43
709.92
733.55
733.76
734.63
735.24
759.71
779.10
784.45
786.00
790.43
814.64
815.40
818.25
834.43
849.39
850.62
854.35
857.10
882.89
887.80
888.18
888.47
888.86
900.59
902.29
902.84
917.17
919.84
922.49
962.88
966.16
968.31
969.89
971.12
973.58
974.04
974.29
1022.97
1023.38
1023.73
1024.68
1027.85
1028.00
1028.27
1028.45
1044.76
1046.78
1047.74
1048.39
1048.45
1049.20
1050.53
1050.70
1055.31

0.61784
1.93975
1.75774
0.11882
0.86506
0.56073
0.16708
3.11425
2.28353
31.61117
48.27808
37.16198
2.18736
0.52127
10.54594
0.18150
6.83280
4.51681
0.59358
14.85622
1.52057
63.00526
68.17774
46.79803
0.04744
0.33697
0.60789
0.05975
4.83086
11.48410
4.43187
0.09409
0.49036
1.20708
0.19706
67.02644
0.56111
0.06219
0.20559
0.31424
0.12756
0.02741
0.93900
1.17416
0.42212
0.13208
0.98063
0.08635
0.32939
0.33580
0.46101
0.01645
0.72170
0.58590
0.46034
29.51030
39.84779
5.91795
2.29860
0.13935
0.15701
0.14898
0.02623
3.25483
0.30902
1.80149
0.50014
0.23777
67.02724
2.52106
64.89722
2.77130

108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

449.81
452.25
462.17
463.24
468.97
485.82
524.39
536.29
539.34
569.18
581.43
584.91
585.62
597.47
632.60
636.73
637.33
638.48
640.06
657.30
666.99
682.15
682.88
687.41
698.88
700.02
701.55
704.01
712.06
728.46
732.75
733.52
735.09
737.79
758.53
769.90
778.68
783.80
784.92
790.05
813.84
819.67
827.98
832.70
847.58
849.13
854.27
855.79
882.11
884.01
886.23
886.88
888.96
899.89
904.48
905.32
906.38
917.03
924.65
936.64
939.44
942.81
956.88
961.52
964.26
966.31
967.66
969.96
972.46
973.47
973.92
1022.74

8.7333
1.2867
0.5595
17.2511
0.0279
59.4549
0.7247
2.6102
3.3398
0.0234
0.0750
0.8792
2.0703
2.4110
22.4493
0.3911
0.7068
0.3749
0.4177
14.1106
73.8869
27.0285
19.2997
0.5850
3.8568
0.3117
0.2649
16.0550
9.4525
0.9576
12.6084
9.1487
77.1918
106.3007
47.0124
6.5203
0.2827
1.0394
2.3851
0.0858
1.1285
5.0588
1.1276
0.0388
2.2799
0.4507
0.1191
68.4659
0.3404
0.0014
0.1708
0.1873
0.0369
0.0707
15735
1.2689
11.4747
0.7668
1.7796
7.7110
0.7824
0.8838
0.1537
0.1060
0.3764
0.3473
0.3175
0.2148
0.6872
1.1324
1.1351
32.8021
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138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

1061.92
1069.91
1072.02
1072.25
1088.50
1091.07
1091.40
1109.07
1109.15
1109.70
1109.96
1114.95
1121.99
1148.60
1152.35
1168.21
1168.35
1168.48
1168.67
1193.82
1194.36
1195.25
1195.91
1225.73
1266.56
1266.81
1290.20
1309.08
1321.84
1322.30
1323.32
1325.97
1331.59
1332.57
1333.86
1353.96
1354.13
1354.59
1355.35
1357.28
1388.91
1389.56
1390.47
1410.07
1424.08
1439.38
1489.18
1489.73
1493.49
1493.76
1494.47
1494.71
1532.87
1540.04
1540.48
1541.05
1561.69
1569.74
1571.90
1572.36
1583.17
1585.59
1618.11
1618.95
1645.29
1645.77
1686.11
1686.32
1686.41
1686.67
1714.33
1714.50

0.03892
0.37696
0.01217
0.05821
0.04321
1.23980
1.45831
12.32669
5.39953
4.91485
5.41071
0.39222
1.67845
40.73733
37.88625
0.14212
0.18742
0.28885
0.20076
4.21077
4.67866
3.85877
3.93713
0.07838
8.27499
7.65085
3.80079
0.03064
3.58091
3.73396
1.50503
0.05954
7.58330
25.50030
31.98284
1.51948
0.08493
0.37203
1.61739
0.23391
18.00433
17.91376
0.06523
149.05148
12.33929
0.12209
11.52100
13.26622
3.72680
20.39466
1.04167
0.82858
2.75124
5.38366
59.81585
59.33785
1.29342
0.05664
5.84160
7.56729
0.20933
0.00283
6.40630
7.60512
2.92948
1.23765
0.44554
0.56064
0.22877
5.67612
7.85233
15.58180

138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

1023.31
1023.49
1024.49
1024.57
1026.46
1026.58
1028.39
1043.30
1045.60
1045.83
1046.70
1047.59
1047.85
1048.40
1049.42
1050.09
1051.20
1053.94
1061.95
1070.37
1072.80
1073.25
1088.81
1090.76
1092.83
1109.32
1109.45
1109.91
1110.59
1113.53
1121.06
1152.09
1163.93
1168.81
1168.94
1169.34
1169.72
1194.63
1195.11
1195.34
1197.07
1223.63
1228.35
1266.42
1267.31
1270.17
1275.55
1290.83
1309.67
1322.12
1322.81
1323.60
1326.23
1332.38
1333.65
1334.04
1354.36
1354.46
1355.12
1356.22
1358.03
1389.20
1389.56
1390.80
1392.06
1394.38
1412.67
1418.70
1437.95
1446.90
1453.33
1456.17

6.5441
30.4579
1.3590
0.2339
0.1649
0.1628
0.0555
4.4076
0.4658
0.0075
0.2623
0.1528
0.0828
3.7542
6.9004
57.4065
57.1129
1.9711
0.1634
0.4990
0.0041
0.0158
0.0378
0.9193
0.4650
11.2879
5.9377
3.8574
4.7988
0.6255
1.5608
36.1250
36.1978
0.1720
0.9718
0.4784
1.1507
4.0288
6.3278
1.7961
2.4622
0.4411
130.3967
8.4519
8.6443
7.9983
18.6026
2.9424
0.8295
3.1508
2.4894
1.8200
0.5458
2.8063
26.6393
33.4912
1.1884
0.2120
0.3443
0.6549
0.6178
5.3877
22.1342
14.3053
17.2157
25.6208
7.0666
9.3027
0.2097
0.0645
3.8704
12.2663



210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240

1714.85
1715.20
2241.92
3204.48
3207.18
3207.34
3207.45
3208.48
3211.96
3212.28
3212.35
3217.10
3219.69
3219.95
3220.06
3225.70
3226.76
3227.01
3227.03
3234.69
3235.53
3235.62
3235.74
3274.00
3274.55
3274.09
3275.34
3292.34
3292.79
3293.16
3293.56

22.04570
1.82699
764.88106
1.46199
3.34709
3.30097
3.16587
0.92203
0.19984
0.23782
0.26486
3.96588
7.09529
7.06528
6.69190
9.48230
9.56438
2.71278
18.58111
20.57573
19.04751
16.97057
13.18884
0.50789
0.56772
0.39319
0.40477
1.90552
2.20423
2.10622
1.85987

210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279

1457.81
1474.27
1477.51
1488.92
1489.40
1491.91
1493.86
1494.09
1494.97
1495.09
1533.12
1539.36
1541.50
1541.88
1561.72
1568.53
1572.20
1572.80
1580.99
1586.48
1617.87
1619.42
1644.23
1645.30
1685.94
1686.23
1686.40
1686.94
1714.44
1714.79
1715.08
1715.47
2186.15
3055.99
3058.44
3064.05
3157.33
3157.66
3161.16
3164.53
3166.18
3173.59
3204.92
3206.21
3206.95
3207.07
3209.12
3210.69
3212.13
3212.19
3217.24
3218.77
3219.48
3219.78
3225.48
3226.58
3226.80
3226.94
3234.55
3235.22
3235.30
3235.35
3272.86
3273.01
3273.17
3274.32
3291.12
3291.36
3291.51
3292.71

2.9423
15112
3.5150
10.2069
7.7083
6.6307
0.5246
20.7139
1.3440
1.3133
9.9673
4.2440
58.0234
58.4540
3.2574
0.1931
7.0322
6.8236
1.8646
0.2669
8.5641
7.7915
11.5923
1.9220
0.4540
1.2464
1.9074
3.1677
10.2001
20.1576
15.7267
3.3040
1914.0918
13.9101
11.5476
27.1199
3.4636
3.0987
9.2858
39.1991
20.2296
14.4162
2.2060
3.5072
2.8454
3.0936
0.4592
0.0704
0.2388
0.3282
4.6288
6.5312
7.6179
7.8128
9.6200
10.1161
9.3191
12.2853
19.5665
21.7059
17.5294
11.2067
0.2855
0.8237
0.4736
0.4171
1.3527
2.9979
2.0108
2.2755
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12

Table S5. Calculated vibrational frequencies and IR intensities of [Fe(tpp)(CN'Bu),]", [5], S = 1/2.

mode

O©CoOoO~NOOUTAWNE

Wavenumber
/em?

[oNoNoNoNoNoe]

5.87

10.84
11.18
15.54
17.48
17.78
23.39
25.87
35.56
37.65
45.61
47.74
50.87
51.05
52.73
53.75
71.72
81.62
84.86
92.69
93.28
99.38
101.58
102.26
124.38
145.92
146.15
159.14
187.08
201.89
218.53
221.05
222.44
223.96
228.44
230.30
232.30
243.17
244.97
245.48
254.67
278.39
281.09
281.62
282.06
287.53
298.39
298.77
301.86
302.18
319.24
319.71
331.71
345.04
345.20
352.27
354.88
355.52
387.88
400.24

IR intensity
/ km mol™*

[cNoNoNoNoNe]

0.00016
0.10445
0.21322
0.13755
0.22179
0.03430
0.04202
0.05533
0.09980
0.00470
0.06311
0.19762
0.02169
0.02340
0.04060
0.15705
0.61271
0.37338
0.01175
0.19238
0.05684
0.02152
0.00599
0.04424
0.09169
0.00010
0.13919
0.07717
0.00101
8.86001
0.01129
0.00335
0.00714
2.07242
1.78157
1.28798
0.12328
3.58741
0.61986
1.33918
1.17685
0.91885
0.00554
0.00129
0.00241
0.00440
0.07320
0.23095
0.16259
5.28667
4.83140
1.96273
0.05188
0.33081
0.01326
0.02348
1.70040
0.15548
0.59359
0.20928
39.99463

mode

162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

Wavenumber
/em?
1027.98
1028.44
1029.27
1043.95
1050.22
1052.76
1053.21
1053.81
1054.65
1054.86
1054.93
1055.05
1055.29
1056.71
1056.97
1057.14
1062.41
1070.33
1074.60
1074.70
1088.60
1090.27
1090.60
1111.72
1112.23
1113.04
1113.24
1113.40
1121.66
1138.52
1138.60
1171.81
1172.82
1172.91
1173.55
1196.05
1196.96
1197.26
1197.92
1221.99
1244.02
1246.18
1265.11
1265.23
1279.35
1279.75
1280.08
1280.27
1292.36
1320.93
1323.92
1324.13
1325.27
1331.27
1331.39
1332.56
1352.78
1355.41
1356.04
1356.77
1356.90
1397.62
1397.69
1399.29
1401.12
1401.45
1401.64

IR intensity
/ km mol™*
1.60676
1.58085
1.35090
0.01142
0.33533
0.08240
0.20603
0.23034
0.14290
0.34419
0.27548
0.24409
0.18941
0.32011
0.75238
0.49381
0.01057
0.09563
15.91387
15.81916
1.27561
62.98865
64.17938
481715
5.39374
8.81383
0.72955
1.95916
1.90971
92.10850
92.76450
0.33326
0.08635
0.60557
0.30541
2.91589
3.62069
2.83926
2.54951
0.03268
194.50376
0.14533
5.53015
5.51247
477911
5.14784
5.29897
6.18218
0.12114
0.33488
20.64158
30.45882
10.75412
137.65324
156.41265
15.56551
0.07505
0.59943
0.88964
1.40883
0.10063
18.48391
20.50931
1.97250
15.16072
13.78329
18.44721



131
132
133
134
135
136
137
138
139

401.01
410.23
410.67
417.38
418.98
419.28
420.05
420.42
436.98
439.01
452.43
452.59
459.45
464.51
482.92
483.05
518.64
520.59
521.36
523.56
539.16
539.51
567.36
567.64
585.78
602.36
602.48
616.97
623.07
635.91
636.75
639.55
648.94
656.76
677.90
678.21
694.93
699.60
699.79
701.98
710.11
710.90
711.67
732.49
733.14
736.53
736.96
737.69
745.19
767.85
774.65
785.54
789.10
805.44
813.84
818.99
825.77
832.77
851.09
851.37
861.97
884.18
885.78
886.21
887.17
888.21
896.34
898.26
898.37
900.49
901.68
918.74

41.37446
0.10185
1.20830
0.05956
0.02386
0.02672
0.00464
0.02562
14.52067
0.18250
5.16661
5.48885
0.03309
0.17528
29.07134
30.02521
89.03753
153.28376
86.81014
6.18151
0.64471
0.43169
1.66194
1.75421
0.08336
2.19443
0.22851
1.29326
0.02990
11.15908
20.55848
1.90540
24.06882
0.03585
463.31178
449.13810
50.15586
508.86881
401.79346
100.05042
102.42348
112.11112
108.00880
2.41069
22.64330
325.90927
2.97350
299.36345
0.00835
62.19509
32.29199
51.63036
10.51210
26.43230
107.80135
142.37989
37.54177
1.41523
0.61291
1.03049
40.77220
0.26569
0.41636
0.42049
0.69454
0.33360
0.72584
98.47386
97.59079
0.00690
0.38103
0.23159

229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300

1401.73
1422.32
1423.35
1423.70
1430.27
1448.49
1448.58
1459.41
1460.03
1460.19
1460.51
1475.27
1475.41
1477.49
1477.50
1477.58
1477.68
1483.76
1493.73
1494.37
1494.58
1494.89
1495.01
1500.12
1504.90
1523.80
1540.69
1540.85
1553.74
1557.17
1564.61
1564.68
1569.88
1596.04
1596.09
1617.96
1625.75
1685.04
1685.45
1685.61
1686.10
1711.99
1712.49
1712.97
1713.13
2317.67
2337.05
3072.97
3073.10
3073.72
3073.82
3077.46
3077.59
3180.47
3180.53
3182.05
3182.20
3182.62
3182.62
3183.25
3183.59
3184.49
3184.68
3187.36
3187.61
3210.89
3211.05
3211.27
3211.86
3213.27
3213.59
3214.07

17.13630
0.12513
11.24038
7.75915
0.11453
0.00413
0.00439
0.37924
0.17911
0.36096
0.28934
12.10983
12.72087
2.52696
10.61695
7.26207
7.67375
2.41043
6.20212
8.41770
11.05499
30.02982
6.63137
4.51928
0.12003
0.00155
12.53738
12.60789
0.14119
0.02233
0.54757
0.51192
0.22083
8.84242
8.87735
0.15006
0.31895
0.79159
1.19496
3.17368
1.32054
0.13579
0.00505
0.20117
0.49362
982.91954
0.09262
6.08420
6.51989
6.69515
6.64778
3.74953
2.89610
0.44285
0.71451
1.92937
0.07953
0.19744
0.29330
9.47799
7.29083
8.67746
9.34850
24.71868
17.32465
4.67666
5.05302
3.86011
4.38502
0.58079
0.56911
0.64512

13



140 927.43 264.33831 301 3214.35 0.35053
141 927.69 275.65452 302 3223.58 1.66159
142 928.64 7.99880 303 3223.68 1.77209
143 950.60 1.54183 304 3223.88 1.61567
144 950.89 1.72621 305 3223.94 1.81974
145 951.19 1.62811 306 3231.50 4.95610
146 951.47 1.75578 307 3231.55 5.36343
147 970.14 0.09412 308 3231.88 2.48556
148 971.40 0.04817 309 3231.90 8.21370
149 971.46 0.27009 310 3240.86 8.10756
150 972.01 3.91272 311 3240.92 8.10042
151 972.25 0.10412 312 3240.95 6.12677
152 972.33 0.28499 313 3241.04 5.64014
153 972.95 6.18711 314 3282.20 0.00249
154 973.76 3.55919 315 3282.50 0.00242
155 974.47 11.84668 316 3282.79 0.00654
156 975.33 9.34200 317 3282.93 0.00133
157 1022.89 1.99878 318 3299.81 0.13982
158 1022.98 15.83532 319 3300.06 0.18542
159 1023.26 14.72997 320 3300.36 0.19978
160 1024.13 0.42281 321 3300.49 0.08179
161 1027.39 1.68958

2.3 Calculated IR Spectra

520000 ST 5
21000} -
- 'BUNC

w 0

2000 2100 2200
Wavenumber / cm’’

Figure S1. Upper panel: Stationary FTIR-spectra in the region of the antisymmetric Ns-stretching vibration of [1] (blue) and tetrabutylammonium
azide (red), and of the —N=C stretching region of tert-butyl isonitrile (green), each measured in CH,Cl, solution, and positions of the absorption
bands of [4] (violet) and [5] (gray) observed after photolysis of a solution of [1] and '‘BUNC marked by vertical lines. Lower panel: Calculated stick
spectra of the same species, corrected by an empirical scaling factor of 0.942 for all frequencies. Dashed lines emphasize the assignment to the
experimentally observed signals. Spectra (solid lines) are obtained by convolution of the stick spectra with a Lorentzian function with a FHWM of
10cm™.

A comparison of the theoretically calculated spectra of the species relevant for this work in the spectral range from
2000 cm™” to 2200 cm™ is displayed in Figure S1. The accuracy of the computed resonance frequencies differs
significantly between the various molecules. While the spectral position of the absorption band of ‘BuNC is reproduced
well, the signals of both azide species, N3~ and [1], are predicted distinctly too high. At the same time, the signals of [4]
and [5] are predicted to appear at lower frequencies than experimentally observed. This mismatch can be rationalized by

the typical overestimation of vibrational frequencies by hybrid-DFT methods as used in this work. Although this error can
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often be corrected by application of a global scaling factor for all computed frequencies, this factor depends not only on

the chosen density functional but also on the investigated substances. Thus, the optimal scaling factor has to be

determined for each class of compounds individually. Since the vibrations giving rise to the signals illustrated in Figure

S1 originate from normal modes centered at different functional groups, the DFT results in conjunction with the

application of a global scaling factor (here 0.942) cannot provide an accurate description of all absorption spectra at the

same time.

2.4 TDDFT Excitation Energies

Table S6. Excitation energies and corresponding oscillator strengths of [1] calculated by TD-DFT.

root energy / cm™
1 3279.106
2 3736.492
3 14856.067
4 15226.338
5 15518.051
6 16254.651
7 16495.253
8 18588.582
9 19020.818
10 19890.305
1 20367.034
12 21383.211
13 21551.417
14 22238.240
15 23067.442
16 23534.222
17 23776.822
18 24683.763
19 25234.169
20 25539.214
21 26455.031
22 27538.998
23 27897.530
24 28074.580
25 28162.727
26 28176.249
27 28224.639
28 28278.155
29 28427.356
30 29147.883
31 29394.299
32 29494.297
33 29912.607
34 30055.704
35 30621.868
36 31759.853
37 32158.027
38 32262.427
39 32922.796
40 34037.766
41 34369.541
42 34610.894
43 34884.112
44 35193.943
45 35684.751
46 36060.992
47 36136.068
48 36424.501

fosc(vel.)

0.00000675
0.00000410
0.00330735
0.00175550
0.00180123
0.00016081
0.00044390
0.00921960
0.01296091
0.02600042
0.00351932
0.00187396
0.00205101
0.02356117
0.00084348
0.07376582
0.07255805
0.04388121
0.00424625
0.00123388
0.10455529
0.12002834
0.56877042
0.51375980
0.19037863
0.00873548
0.03585863
0.00301177
0.05231845
0.00014373
0.05940159
0.20356896
0.00346068
0.01861683
0.27759740
0.01038753
0.03104222
0.01408766
0.00040201
0.00433837
0.01688601
0.01638607
0.00393111

0.00051744
0.00820403
0.00043838
0.00012977
0.01349927

fosc(len.)

0.00000463
0.00000390
0.00300889
0.00164812
0.00167908
0.00015919
0.00042780
0.00868976
0.01242581
0.02590952
0.00311714
0.00188070
0.00180091
0.02528765
0.00083471
0.07340224
0.07111802
0.04407340
0.00292392
0.00099836
0.11116384
0.11962127
0.56352751
0.51422949
0.19041899
0.00872473
0.03594091
0.00301415
0.05245025
0.00013947
0.05902615
0.20426323
0.00337858
0.01886927
0.28395945
0.01127982
0.03145321
0.01449099
0.00041102
0.00410870
0.01635975
0.01602781
0.00377342
0.00049208
0.00830765
0.00051694
0.00009967
0.01380733
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49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

16

36587.691
36796.109
37135.082
37365.042
37503.428
37633.251
37840.285
37910.374
38068.247
38154.452
38504.646
38717.085
38751.695
38823.512
38854.409
38888.585
38895.178
38937.997
38974.993
39031.290
39437.209
39494.417
39603.089
39890.592
39949.490
40274.554
40417.895
40563.826
40697.680
41022.437
41092.765
41130.333
41361.834
41390.573
41408.310
41507.212
41599.145
41793.636
41827.171
41877.449
41963.889
42033.405
42124.034
42238.330
42285.859
42486.177
42557.088
42654.408
42713.653
42760.743
42939.451
43032.948
43229.562
43304.270
43518.604
43604.551
43674.825

0.00435754
0.01156139
0.00276142
0.01511935
0.03277418
0.00272328
0.07423480
0.05479063
0.11518193
0.00352702
0.01187002
0.00170709
0.00132012
0.00168018
0.00071679
0.00011116
0.00013921
0.00012251
0.00337641
0.00022032
0.00002121
0.00187309
0.03299820
0.23287127
0.09052038
0.12800885
0.05957535
0.01902724
0.01266537
0.00306545
0.00435976
0.00404712
0.00110912
0.00425168
0.00544221
0.00104824
0.00064202
0.01686752
0.02272045
0.02508596
0.02433831
0.00028610
0.01582654
0.00625757
0.01345925
0.01248689
0.02270729
0.03001083
0.02340934
0.01436454
0.05832480
0.00979780
0.01487788
0.08277158
0.04470560
0.00578822
0.01069804

0.00456684
0.01175710
0.00287593
0.01612827
0.03335636
0.00275328
0.07477187
0.05536594
0.11619441
0.00353659
0.01205195
0.00179415
0.00134854
0.00175144
0.00073055
0.00012313
0.00013964
0.00013533
0.00365287
0.00022752
0.00002319
0.00193812
0.03403842
0.24102249
0.09330138
0.13263517
0.06231870
0.01965041
0.01321826
0.00305071
0.00456698
0.00400757
0.00108314
0.00430445
0.00547780
0.00106240
0.00070289
0.01775056
0.02507625
0.02863995
0.02750789
0.00040850
0.01648903
0.00653449
0.01381483
0.01210012
0.02310605
0.03151807
0.02419405
0.01392217
0.05749169
0.00946361
0.01472741
0.08110216
0.04601485
0.00597321
0.01045384



2.5 TDDFT Unrelaxed Difference Densities

f) root6 g) root7 h) root 8 i) root9 j) root 10

k) root 11 ) root12 m) root 13 n) root 14 0) root 15

p) root 16 q) root17 r) root18 s) root 19 t)  root 20
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Figure S2. TD-DFT calculated unrelaxed transition densities of [1], isovalues: red: +0.0003, blue -0.0003.
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3 Transient Absorption Spectra
3.1 510 nm Excitation
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Figure S3. Difference spectra of solutions of [1] and "BusNI after 510 nm excitation for various concentration ratios of the two reactants, as
indicated by the legend. The blue and red areas represent the (inverted,) properly scaled, stationary FTIR spectrum of [1] and N3', respectively.
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Figure S4. Difference spectrum of a solution of [1] and 'BuNC of equal concentrations recorded 10-40 seconds after 510 nm excitation. The blue

and green areas represent the inverted, properly scaled, stationary FTIR spectrum of [1] and 'BuNC, respectively.
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3.2 355 nm Excitation
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Figure S5. Difference spectra of solutions of [1] and "BusNI after 355 nm excitation for various concentration ratios of the two reactants, as
indicated by the legend. The blue and red areas represent the (inverted,) properly scaled stationary FTIR spectrum of [1] and N3, respectively.
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Figure S6. Transient Rapid-Scan spectra of a solution of [1] and 'BUNC of equal concentrations recorded at various time delays after 355 nm
excitation, as indicated by the legend. The blue, red and green areas represent the (inverted,) properly scaled stationary FTIR spectrum of [1], N3
and 'BuNC, respectively.
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4 Kinetic Trace after 266 nm Excitation

norm. AOD
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Figure S7. Femtosecond 266 nm-pump/IR-probe kinetic trace of a solution [1] in CH,Cl, normalized to the maximal bleach around a delay of zero.
The data were recorded at a probe wavenumber of 2056 cm™ corresponding to the peak of the N3~ antisymmetric stretching vibration of [1]. Note

that the abscissa switches from linear to logarithmic scaling at a delay of 60 ps.

The femtosecond 266 nm-pump/2056 cm™-probe kinetic trace [1] in CH.Cl, solution displayed in Figure S7 allows
quantification of the combined primary photoconversion yield ®pim at this excitation wavelength: ®pim = 7.1%. The
determination of the fractional yields of photoreduction and photooxidation as conducted for the excitation wavelengths
355 nm, 400 nm and 510 nm is not feasible for 266 nm photolysis since the utilized quencher, tetrabutylammonium
iodide, exhibits an absorption (¢ = 1.0-10° L mol™* cm™) at this wavelength (cf. Figure S8). However, the factional yield of
the redox-neutral N3 cleavage is zero, as the characteristic absorption band of the azide anion is absent in the
corresponding transient spectra.®

5 UV-Vis Absorption Spectrum of Tetrabutylammonium lodide
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Figure S8. Stationary UV-Vis absorption spectrum of tetrabutylammonium iodide, ("BusN)I, in CH,Cl,. The labeled, violet arrow points towards a

wavelength of 266 nm, one of the excitation wavelengths used in the photolysis experiments.
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6 Parameters of Linear Regressions

Linear regression to determine the bimolecular rate constant k of the reaction, [5] + N5 — [1]+ 2 ‘Bu-NC, were obtained
by solving the rate equation of second order for c([5]) = ¢(N3") and reformulation in terms of the differential optical density
AOD as shown in equation (1) for reactants and equation (2) for products.

_ 1 1

" AOD(¥g,t) — AOD(¥g,©)  AOD(ig, 0) — AOD (g, )

1 1
AOD(¥p, t) — AOD(¥p, )  AOD(¥p, 0) — AOD (¥, )

Spt = kgt

€Y)

Spl=—kpt=

()

Here, AOD(z/p,0) and AOD(¥,p, ) are the initial (t = 0 s) and asymptotic values of AOD, respectively, and ky, the
effective rate constants. In order to improve the signal-to-noise ratio, the median of AOD within a spectral range defined
by the boundaries ¥,,, and ¥,,, was determined for each signal and time. In addition, the averaged extinction
coefficient (eg/p) within the same range was calculated from the stationary absorption spectra, if available. The
parameters AOD(¥/p,0) and AOD(¥g/p, ) were adjusted manually. kj,, were obtained by least square fits of the
linearized kinetic traces in the temporal window from 0 s to 11 s and converted to k by equation (3). All parameters are
flisted in Table S7.
kp,p = k/[ersp(Vryp) d] (3)

Table S7. Lower and upper frequency boundaries, 7,,,, and ¥;4,,, chosen for the evaluation of the time dependence of the signals observed in the
photolysis of a solution of [1] and '‘BUNC; averaged extinction coefficients, (er/p), initial and asymptotic differential optical densities, AOD(VR/p, 0)
and AOD(ﬁR/P, oo), determined within these boundaries; bimolecular rate constants, k, and effective rate constants, k,’a/,,, calculated by linear

regressions using equations (1)-(3). Reduced xz, R? and correlation coefficients, Pexp.fit; Of the regressions.

N3 [1] ‘BuNC [5]

Tiow / CM™ 1990 2041 2134 2183

Vnign / CM 2021 2075 2149 2222

(ersp) I MTem® 1154 1004 195 832!

A0D(7gp, 0) - 10° 3.57 -7.39 -1.59 2.00

AOD(gp, ) - 10° 0.21 -4.09 0.36 -0.06
kiyp 1 10°s™ 1.97 +0.30 1.88 +0.30 4.98 +1.00 2.44 +0.30
k/10*M*s™ 2.270.35 1.88 £ 0.30 1.94 £ 0.39 2.03 + 0.35"

Xiea 4.388 3.551 151.7 7.843

R? 0.8989 0.9088 0.6077 0.8837

Pexo it 0.9594 0.9537 0.7813 0.9405

[a] corresponds to the value that is consistent with a rate of 2.03-10* M™'s™.

[b] corresponds to the average of the entries for the other three species.
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