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The electronic structure and deexcitation pathways
of an isolated metalloporphyrin ion resolved by
metal L-edge spectroscopyf
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The local electronic structure of the metal-active site and the deexcitation pathways of metalloporphyrins
are crucial for numerous applications but difficult to access by commonly employed techniques. Here, we
applied near-edge X-ray absorption mass spectrometry and quantum-mechanical restricted active space
calculations to investigate the electronic structure of the metal-active site of the isolated cobalt(in)
protoporphyrin IX cation (CoPPIX") and its deexcitation pathways upon resonant absorption at the cobalt
L-edge. The experiments were carried out in the gas phase, thus allowing for control over the chemical
state and molecular environment of the metalloporphyrin. The obtained mass spectra reveal that
resonant excitations of CoPPIX™ at the cobalt Lz-edge lead predominantly to the formation of the intact
radical dication and doubly charged fragments through losses of charged and neutral side chains from
the macrocycle. The comparison between experiment and theory shows that CoPPIX" is in a 3Azg triplet
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Introduction

Metalloporphyrins are very common organometallic molecules
that play key roles in nature: heme (iron protoporphyrin IX) is
the prosthetic group in hemoglobin and is responsible for
oxygen transport,' chlorophyll A (a magnesium-containing
porphyrin) is involved in the photosynthesis of plants*> and
cobalt protoporphyrin IX is an inducer of hemeoxygenase-1, an
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molecular orbitals lead to distinct deexcitation pathways.

enzyme that catalyses the heme catabolism.® Their ability to
bind axial ligands such as oxygen, to act as electron
transfer agents as well as their light absorption properties make
metalloporphyrins promising candidates for many applications
including photosensitisers,*® radiolabelled molecular imaging,®
solar cells,”® colorimetric sensors,”'* and catalysts.™
Metalloporphyrins consist of a metal ion coordinated by four
nitrogen atoms of a porphyrin macrocycle (Fig. 1). They show
a strong absorption in the UV/vis, caused by resonant m-m*
transitions in the porphyrin macrocycle, namely the Soret and Q
bands.™ The electronic structure of metalloporphyrins is crucial
for their functionality and is determined by e.g. the axial ligands

CoPPIX*

M : Co"

R"®: CHCH,

R2478 : CH,

R®® : CH,CH,COOH

Fig. 1 Structure of metalloporphyrins. The peripheral side chains of
the cobalt(in) protoporphyrin IX cation (CoPPIX") are listed on the right.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and the spin and oxidation state of the metal centre. In hemo-
proteins, for instance, oxygen transport involves the switching
between high-spin and low-spin states and electron transfer is
accomplished by reversible oxidation and reduction of the
metal centre.”® Getting deeper knowledge of the metal-
loporphyrin electronic structure is therefore essential for the
understanding of their functionality and for the synthesis of
new porphyrins with tailored properties for new applications. In
some applications, metalloporphyrin-based materials and
metalloporphyrin-containing proteins may be subject to ionis-
ing radiation. Fundamental insight into dissociation pathways/
mechanisms of metalloporphyrins can, here, improve the
comprehension of the radiation damage at the macroscopic
scale.

The high reactivity of metalloporphyrins towards molecules
such as oxygen is crucial in nature but complicates studying
non-oxidised metalloporphyrins in the condensed phase.* In
addition, many porphyrins tend to form aggregates in solu-
tion."™*® In contrast, gas-phase experiments on isolated ionic
metalloporphyrins, as produced by electrospray ionisation
sources, provide control over stoichiometry,"” axial ligands*>°
and the oxidation state of metalloporphyrins,*~* thus allowing
the study of fundamental properties of the molecules in well-
defined states.

Previous mass-spectrometric studies on electrosprayed
metal protoporphyrin IX ions employed collision-induced
dissociation (CID),**” electron-capture-induced dissociation
(ECD)*® and laser-induced dissociation (LID)*#2°2%29-32 following
absorption at the Soret and Q bands to investigate their disso-
ciation processes. Moreover, it has been shown for gas-phase
heme" that photoexcitation in the UV/vis region can be fol-
lowed by dissociation via two kinetically competing channels on
a microsecond to millisecond timescale.>** The ions can
undergo (1) direct internal conversion from the excited state to
the vibrationally excited ground state, followed by intra-
molecular ro-vibrational redistribution (IVR) of the internal
energy and statistical dissociation or (2) intersystem crossing to
a lower-lying state with a higher spin followed by another spin
flip to the vibrationally excited ground state and subsequent IVR
and dissociation. The main fragmentation channel in CID and
LID experiments of protoporphyrin IX (PPIX) molecules with
and without metal is the B-cleavage, resulting in single and
double losses of the acetic side chains CH,COOH".>**” Addi-
tional peripheral side-chain losses are minor fragmentation
channels.

In the UV/vis energy region, studying the active site of met-
alloporphyrins is hampered by the strong mw-m* transitions in
the macrocycle which obscure the dipole-forbidden and thus
weak d-d electronic transitions.* L, ;-edge spectroscopy (2p —
3d transitions, further referred to as L-edge spectroscopy) of 3d
transition metal elements using soft X-rays, in contrast, directly
allows probing molecular orbitals with 3d character* and is
therefore a powerful tool to study the electronic structure of the
metal-active site in metalloporphyrins.*****> The combination
of 3™ generation synchrotron sources - able to deliver the
required photon energies with a sufficient photon flux — with
electrospray ionisation sources and mass spectrometry, also

© 2021 The Author(s). Published by the Royal Society of Chemistry
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referred to as near-edge X-ray absorption mass spectrometry
(NEXAMS), has been mainly employed to investigate peptides
and proteins in the gas phase.**™*

NEXAMS, as an ion yield absorption spectroscopy technique,
provides the integrated ion yield of all product ions for each
photon energy step, referred to as total ion yield (TTY). The TIY
is proportional to the X-ray absorption of the system if deexci-
tation by fluorescence can be neglected.*® This is indeed the
case for the 2p core-hole decay of 3d transition metals for which
Auger processes dominate and contributions from fluorescence
are <1%.* In addition, NEXAMS provides partial ion yields
(PIYs) for individual photo products, which can reveal correla-
tions between deexcitation pathways and electronic transitions.
PIY spectra of ferrocene after iron 2p inner-shell excitation, for
instance, revealed that excitations to molecular orbitals with
predominantly iron-3d character in ferrocene lead to more
efficient ionisation, whereas excitations to ligand-centred m*
orbitals lead to more efficient fragmentation.”® Iron penta-
carbonyl, in contrast, does not exhibit such an orbital- or state-
specific behaviour, which could be attributed to a different
degree of core-hole screening for the different ligands or to
a different degree of charge rearrangements in the Auger final
states.*®

In the 3d transition metal L-edge energy regime the X-ray
spectral features are usually shaped by a multitude of spectral
effects, such as spin-orbit coupling, multiplet effects and
selection rules, which make the spectrum challenging to
interpret. The individual transitions are further broadened by
the lifetime of the core-hole state which can lead to complicated
peak shapes that usually cannot easily be decomposed into
spectral contributions. Therefore, calculations of metal L-edge
X-ray absorption spectrum (XAS) are required for interpreta-
tion of metal L-edge spectra. Moreover, the validation of such
theoretical models relies on the comparison with benchmark
experiments which investigations on gas-phase isolated systems
can provide.

The aim of this study is to assess the capability of NEXAMS
for exploring the electronic structure of the metal-active site of
an isolated “model” metalloporphyrin, here the cobalt(u)
protoporphyrin IX cation, CoPPIX'. In the present paper,
NEXAMS at the cobalt L-edge was combined with quantum-
chemical restricted active space (RAS) calculations, which
have shown their validity on 3d transition metal complexes,**->¢
to unravel the electronic structure of isolated CoPPIX". In the
following, we discuss the fragmentation pathways of CoPPIX"
subsequent to single and multiple ionisation after resonant
photoexcitation at the cobalt L;-edge. TIY and PIYs are later
interpreted with the help of quantum-chemical RAS
calculations.

Methods

Experiment

Protoporphyrin IX cobalt chloride, methanol, dichloromethane
and formic acid were purchased from Merck and were used
without further purification.

Chem. Sci,, 2021, 12, 3966-3976 | 3967
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In the present study a home-built electrospray ionisation
source was interfaced with the Nanocluster trap end station®”**
of the UE52_PGM beamline at the BESSY II synchrotron (HZB
Berlin, Germany). Cobalt(m) protoporphyrin IX cations were
formed by electrospray ionisation of a 30 pM protoporphyrin IX
cobalt chloride solution in methanol and dichloromethane
(1:1 in volume) with 1 vol% formic acid. Precursor ions were
selected by their mass-to-charge ratio with a quadrupole mass
filter and were deflected to the photon beamline axis with an
electrostatic bender. The ions were accumulated in a cryogenic
linear ion trap (T = 18 K) with helium buffer gas before being
exposed to the soft X-ray photons. The exit slits and grating of
the monochromator were set to an energy bandwidth of
680 meV at 770 eV and energy scans across the cobalt L-
absorption edge (770-804 eV) were performed with 300 meV
steps. The photon flux was measured with a calibrated GaAsP
photodiode behind the interaction zone. Cationic photo prod-
ucts were analysed by their mass-to-charge ratio using a reflec-
tron time-of-flight mass spectrometer and were detected with
a micro-channel plate detector. The mass calibration was based
on the well-known photofragmentation mass spectrum of
leucine enkephalin (see ESIt). The mass resolution varied due
to the specificity of the ion trap and spectrometer and was as
follows: m/Am = 1600 at m/z 309.6, m/Am = 1350 at m/z 268.6
and m/Am = 900 at m/z 249.5. The mass calibration and reso-
lution allowed us to distinguish the isotopic pattern of the
photo product CoPPIX>". Comparison with the theoretical
isotopic pattern (Fig. ESI-1t) confirmed that the precursor ions
are in the cationic Co™PPIX" (m/z 619.6) and not the protonated
[Co"PPIX + H]" (m/z 620.6) form.

All obtained mass spectra were normalised to the photon
flux. To distinguish the effect of resonant absorption at the
cobalt 2p core level from non-resonant absorption in the
porphyrin ring and side chains of CoPPIX', a mass spectrum
below the L;-edge was subtracted from the mass spectra pre-
sented here. The below-edge mass spectrum was determined as
the average of the eight mass spectra obtained between 770 and
772 eV.
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The TIY was given by integrating the mass spectra over the
range 145 < m/z < 315 (see Fig. 2) for each photon energy step.
The PIYs were determined by integrating the ion yield of each
individual photo product per energy step. Contributions from
isotopic peaks were not considered.

Computation

The molecular geometry was optimised using density functional
theory (DFT) with the B3LYP functional and the 6-311g* basis
set using Gaussian 09,* the structure and coordinates are
available in the ESI.{ The energies of different low-lying states
were calculated using the complete active space self-consistent
field (CASSCF) method. The active space, shown in Fig. ESI-6,T
is composed of five cobalt 3d-character orbitals together with
one porphyrin-character ¢ donation orbital and five empty
cobalt 4d-character orbitals. The energy calculations of low-
lying states enable us to assign the ground state as a Ay,
triplet state with the electron configuration
dy’d,»*dy,'dy,'d,>_ 2. The energies together with the schematic
representations of selected low-lying states are available in
Fig. ESI-7.1 Under the spin orbit-coupling scheme the ground
state has a *A,, character with a mixture of other low-lying
states. The quantitative description of the state mixing can
depend on the calculation strategy, such as the basis set and the
active space, and is challenging without evident experimental
determination. However, the confirmation of the ground-state
electronic structure can be further complemented through the
simulation of cobalt metal L-edge XAS and comparison to
experimental data. For the cobalt L-edge XAS calculation, the
restricted active space SCF (RASSCF) approach is used. In
addition to the active orbitals for the CASSCF calculation, the
cobalt 2p core orbitals are placed in the RAS1 subspace. The
highly excited states (HEXS) technique implemented in the
OpenMolcas® is used for the core-excited states calculation.®*~**
Up to 60 core-excited states per spin were calculated, which gave
a total number of 540 spin-orbit core-excited states. The spec-
trum dependences on the number of core-excited states are
shown in Fig. ESI-8.f Scalar relativistic effects have been
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Fig. 2

(a) Mass spectrum of CoPPIX* upon resonant absorption at 780.5 eV at the cobalt Lz-edge after subtraction of the below-edge mass

spectrum (see Experimental section). (b) Below-edge mass spectrum of CoPPIX*. The mass ranges of doubly and triply charged fragments are

indicated in green and yellow, respectively.
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included by using a second-order Douglas-Kroll-Hess Hamil-
tonian®* in combination with the ANO-RCC-VDZ basis set and
the use of a Cholesky decomposition approach to approximate
the two-electron integrals.®® For comparison to the experimental
spectrum, the simulated RAS spectrum is plotted using a Lor-
entzian broadening with a full-width-at-half-maximum (FWHM)
of 0.15 and 0.65 eV for the L;- and L,-edge respectively, further
convoluted with a Gaussian broadening of 0.3 eV. An energy
shift of —6.22 eV is applied to the calculated cobalt L-edge XAS
to match the experimental spectrum. The similarity between the
calculated XAS spectra and the experimental spectrum were
analysed through a weighted cross-correlation function.®” The
similarity scores can be found in Table ESI-3.}

Results and discussion
Fragmentation of CoPPIX" at the cobalt L;-edge

The mass spectrum obtained for CoPPIX' in the mass range
50 < m/z < 325 after resonant photoabsorption at 780.5 eV at the
cobalt L;-edge is presented in Fig. 2a. In the energy region at the
cobalt L-edge studied here (770-804 eV), we observe the stron-
gest TIY at 780.5 eV (see text below) and we therefore discuss the
photofragmentation based on the mass spectrum at this energy.
The mass spectrum is dominated by the intact radical dication
CoPPIX*" at m/z 309.6 and by a number of doubly charged
fragments at m/z < 309.6. The high stability of the doubly
charged metalloporphyrin is remarkable, similar to as has been
observed in the case of ruthenium octaethyl porphyrin ligated
to CO upon sequential optical multiphoton ionisation.®® We
assume that peaks at m/z < 206.4, with m/z 206.4 corresponding
to the intact triply charged CoPPIX**, are mainly due to triply
charged fragments. The observed photo products will be dis-
cussed in more detail later in this section.

After creation of a cobalt 2p inner-shell hole in CoPPIX,
deexcitation proceeds by Auger and radiative processes. The
single Auger decay creates one additional positive charge in the
molecule, whereas other autoionisation processes such as
sequential or multiple Auger processes or shake-up processes

CoPPIX* + hv (cobalt L;-edge)

Single Multiple
ionisation

[CoPPIX2*]* [CoPPIX3*]*
Deexcitation
CoPPIX?* CoPPIX3*
[CoPPIX-neutral losses]?*

[CoPPIX-charged-oss}t

[CoPPIX-neutral losses]3*

[CoPPIX-charged loss)*
{CoPPIX-chargedosses)

Scheme 1 Possible photo products upon single and multiple ionisa-
tion after resonant cobalt 2p inner-shell excitation of CoPPIX* at
780.5 eV at the cobalt Ls-edge. Photo products which are not
observed in the mass spectrum in Fig. 2 and in ESI-27 are crossed out
in red.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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lead to higher ionisation of the molecule. Single and multiple
ionisation can be followed by different deexcitation pathways
and will be discussed separately in the following. An overview of
these possible processes is shown in Scheme 1.

Single ionisation

The single Auger process, where an electron from a molecular
orbital with 3d character fills the cobalt 2p core hole and an
electron from a molecular orbital with 3d character leaves the
molecule, leads to the formation of the excited radical dication
[CoPPIX>*]*. The molecule may stay intact or fragment by
neutral or charged fragment losses (or a combination of both).
Since no singly charged photo fragments are observed at
mfz > 320 (Fig. ESI-27), charged fragment losses from excited
[CoPPIX**]* can be excluded. Single Auger decay in CoPPIX"
leads to the intact radical dication CoPPIX** and doubly
charged fragments formed by neutral losses from excited
[CoPPIX*']*. To discuss the observed doubly charged fragments
in more detail we show in Fig. 3 a zoom of the mass spectrum of
Fig. 2a in the mass range 247 < m/z < 314.

The doubly charged fragments arise essentially from single
and multiple side-chain losses from the ionised metal-
loporphyrin, as indicated in Fig. 4. In Fig. 3, the peak corre-
sponding to the intact radical dication is observed at m/z 309.6.
Peaks at 300.6 and 291.6 are assigned to the losses of one and
two neutral H,0 groups from CoPPIX”", respectively. H,O loss
from metalloporphyrins was observed in both, CID** and LID*
experiments as a minor fragmentation channel. Peaks at lower
m/z in Fig. 3 are assigned to multiple neutral side-chain losses
of methyl (CH;" = m, —15 u), water (H,O = w, —18 u), vinyl
(CHCH," =v, —27 u) and carboxylic groups (CH,CH,COOH" =
ccCa’, —73 u; CH,COOH' = cCa’, —59 u; COOH'" = Ca, —45 u).
Similar side-chain losses were observed as neutral losses in
CID***” and in LID'#?%?¢2%3% experiments, although we observe
overall a higher number of fragments from cascade dissocia-
tions after core-hole relaxation. Interestingly, single and double
losses of CH,COOH' groups from CoPPIX*" (m/z 280.1 and
250.5, respectively), which are the two main fragmentation
channels of metal protoporphyrin IX cations in LID and CID
experiments,” are only weak fragmentation channels upon
cobalt 2p inner-shell excitation of CoPPIX".

In addition, we observe peaks at m/z 277.6 and 268.6, cor-
responding to losses of 64 u and 82 u, which do not match any
combinations of the commonly observed side-chain losses. We
assign the m/z 277.6 peak to the loss of a pentadiyne group
(CsH,4 = p) and the m/z 268.6 peak to the additional loss of H,O
(-w-p in Fig. 3). CsH, fragments could be formed by one vinyl
group, one methyl group and two carbon atoms of the
porphyrin ring, accompanied with the transfer of two hydrogen
atoms from the side chains to the two carbon atoms adjacent to
a nitrogen atom of one pyrrole subunit (see Fig. 4).

Table ESI-17 lists possible assignments for the multiple side-
chain losses. However, losses of a cobalt atom or ion were not
considered since demetallation can be excluded from compar-
ison with mass spectra that we obtained for other

Chem. Sci., 2021, 12, 3966-3976 | 3969
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Fig. 3 Zoom into the mass spectrum of CoPPIX* upon resonant absorption at 780.5 eV at the cobalt Lz-edge after subtraction of the below-
edge mass spectrum (see Experimental section, see Fig. 2a). The assignments of the observed peaks are indicated.

Fig. 4 Structure of CoPPIX*. The indicated bond cleavages lead to the
observed fragments in Fig. 2 and in Fig. 3.

metalloporphyrins after resonant photoexcitation at the metal
Ls-edge (data not shown here).

To some extend the observed losses are similar to those
produced by collisional activation, which suggest that similar
dissociation mechanisms as after collisional activation are
involved after the cobalt 2p core-hole relaxation in CoPPIX".
This would involve internal conversion of the electronically to
the vibrationally excited molecule, followed by IVR of the
internal energy, ultimately leading to dissociation. The overall
stronger cascade dissociations we observe can be the result of
a higher internal energy in the system deposited after cobalt 2p
inner-shell excitation compared to CID and to UV/vis absorption
at the Q and Soret bands. In addition, the observation of frag-
ments different from the common CID/LID losses suggests that
other dissociation processes are involved in the present study.
One possible explanation is that upon ionisation, the additional
radical on the porphyrin may open up new fragmentation
pathways with low energy barriers. For peptides it is for instance
known that such radical cationic species undergo facile cascade
dissociations.®

Multiple ionisation

While the single Auger decay creates one additional charge in
the molecule, other autoionisation processes result in at least
two additional charges leading to the formation of excited

3970 | Chem. Sci, 2021, 12, 3966-3976

highly charged [COPPIX*=>"]* (see Scheme 1). For resonant iron
2p inner-shell excitation of Fe*" ions with 3d° electrons, similar
to cobalt ions in CoPPIX", double ionisation is the main deex-
citation process.” Therefore, we discuss the case z = 3, corre-
sponding to double ionisation of CoPPIX", here. Deexcitation of
[CoPPIX**]* may lead to the formation of CoPPIX** and singly to
triply charged CoPPIX fragments by single or multiple losses of
neutral and/or charged fragments. Indeed, we observe several
peaks as minor contributions in the mass spectrum, which are
unambiguously assigned to triply charged fragments (Fig. 2a at
145 < m/z < 160). These fragments could be formed from neutral
losses of excited [COPPIX*']*. Formation of the intact CoPPIX>"
at m/z 206.4 cannot be resolved in the present data but cannot
be strictly excluded neither. However, the contribution of
CoPPIX?" in the mass spectrum would be very low compared to
the doubly charged fragments (Fig. 2a). Moreover, since no
singly charged fragments at m/z > 320 are formed (Fig. ESI-2t)
double charged fragment losses from excited [CoPPIX>']* can
be ruled out. Although charged fragment losses from excited
[CoPPIX**]* are not observed, the stronger Coulombic repulsion
in excited highly charged [CoPPIX*~*']* may cause single
charged fragment losses in the latter case.

Indeed, mass spectra acquired in the energy region of the
carbon K-edge of CoPPIX" (Fig. ESI-31) reveal that the doubly
charged fragments at m/z 273.1, m/z 264.1 and m/z 252.0 are
almost exclusively formed upon photoionisation above the
carbon 1s ionisation threshold compared to resonant excita-
tion. Above the carbon 1s ionisation edge of CoPPIX', photo-
ionisation and subsequent autoionisation processes lead to the
formation of excited [CoPPIX**]* followed by further deexcita-
tion. Therefore, fragments at m/z 273.1, m/z 264.1 and m/z 252.0
can be unambiguously assigned to charged fragment losses
from excited [CoPPIX*']*. In particular charged carboxylic
groups, namely CH,CH,COOH" (73 u) and CH;COOH"" (60 u),
are known as the main products from electron impact ionisa-
tion of long-chain carboxylic acids”™ and could contribute to
charged fragment losses from excited [CoPPIX*=*']*, With this
assumption we assign the fragment series at m/z 273.1, 264.1
and 252.0 to the loss of ccCa®, ccCa” + w and ccCa® + m + v,
respectively (see Fig. 3). Noteworthy, most of the fragments at
m/z < 267 can be attributed to losses containing one or two cCa

© 2021 The Author(s). Published by the Royal Society of Chemistry
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or ccCa groups. For ccCa’, the corresponding charged fragment
with ccCa" would fall at the same m/z and could contribute to
these peaks.

To further elucidate if the observed doubly charged frag-
ments in Fig. 2a arise from charged or neutral fragment losses,
we show in Fig. 2b a mass spectrum acquired below the L;-edge
(see Experimental section). Below the Ls-edge, non-resonant
photoabsorption in the valence shell and in the carbon,
nitrogen and oxygen K-shells dominates in CoPPIX'. Here,
photoabsorption of CoPPIX' leads predominantly to photo-
ionisation and subsequent autoionisation, resulting in at least
two additional charges in the molecule. Accordingly, the yield of
the CoPPIX*" dication at m/z 309.6 in Fig. 2b is very weak
and arises from photoionisation in high-lying valence
states. We observe various doubly charged fragments in Fig. 2b
at m/z < 267, which can only arise from charged side-chain
losses of highly excited [COPPIX*=*"]*. The peak pattern in the
mass spectra at m/z < 267 below (Fig. 2b) and on-below (Fig. 2a)
the L;-edge is similar, indicating that these fragments arise
from similar processes, namely autoionisation leading to
multiple ionisation with subsequent charged fragment loss.

To summarise, doubly charged fragments formed by a single
Auger decay with subsequent neutral losses and doubly charged
fragments formed by other autoionisation processes with
subsequent charged (and neutral) fragment losses can
contribute to the same peaks at m/z < 267 in one mass spectrum.
Most of the fragments at m/z > 267, in contrast, are formed upon
resonant absorption (Fig. 2a), but not in the energy region below
the Ls-edge (Fig. 2b). We therefore conclude that these frag-
ments are mainly produced from neutral losses of the CoPPIX>"
dication in an excited state, which is only formed upon resonant
absorption.

Total ion yield (TIY) spectrum of CoPPIX"

The photon energy range 770-804 eV covers the resonances
associated with the excitation of cobalt 2p electrons to molec-
ular orbitals with 3d character. The cobalt L-edge XAS splits into
the L;- and L,-edges by the core 2p spin-orbit coupling. In the
following discussion we focus on the L;-edge as it is better
resolved compared to the L,-edge due to the core-hole lifetime
difference.”” The experimental L;-edge has a broad feature and
consists of three peaks located at 777.4 eV, 779.4 eV and
780.5 eV, labelled as peak A, B and C, respectively (Fig. 5).

The cobalt L-edge XAS of CoPPIX" were calculated based on
the initial states (*Ayg, *Ey, *Byg, and °A,,) with different electron
configurations, suggesting that the multiplet shape of the
spectrum refers to an intermediate-spin state as for iron in iron
phthalocyanine, where a mixture of intermediate states
contributes to the ground state.” Schematic representations
of the selected electron configurations together with their cor-
responding XAS are available in the ESI.f The ground state has
a triplet 3A2g character with a d,g,zdzzzdledyzldxz,yzo configura-
tion with a mixture of other low-lying states (see Computational
section). As shown in Fig. 5 and in the similarity score Table ESI-
3,1 the calculated XAS with this configuration reproduces the
experimental spectral features with the best agreement,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Comparison between the experimental TIY spectrum and the
calculated XAS spectrum of CoPPIX* at the cobalt L-edge, including
the orbital-contribution analysis. The positive and negative values of
the orbital contribution curves represent electron gain and loss in the
transitions from initial state to core-excited states, the constant one-
electron loss in the 2p core orbital is not shown.**

confirming our assignment of the ground state. The relative
intensities of peaks B and C are well reproduced, while the
intensity of peak A is overestimated relative to the other peaks.
Nevertheless, this is not surprising as PIYs for photo products
exhibit differences in the intensity of peak A (see text below) and
as the sensitivity of the spectrometer is different towards photo
products with different m/z's (see Experimental section).

The calculated cobalt L-edge XAS is further analysed in terms
of the core-excited spin state contributions (Fig. ESI-10f) and
molecular orbital contributions (Fig. 5). The decomposition of
orbital contributions to the calculated spectrum in Fig. 5
provides a clearer picture of intensity origins of the observed
peaks. In the orbital contribution analysis, only the spin-free
states contributing to the final intensity of a transition
between spin-orbit coupling states were considered. Each
orbital contribution curve is the sum of all transitions we
calculated for the spectrum (see Fig. ESI-67 for representation of
the molecular orbitals). Peak A gains most of its intensity from
excitations to the non-bonding d,,/d,, orbitals strongly localised
on the cobalt ion with some intensity from excitations to the
antibonding ¢* d,=_,: orbital where the electron density is partly
delocalised towards the nitrogen atoms. Peak C has most of its
contribution from electron excitations to the antibonding c*
d,>_,> orbital. The negative contributions from the d,, and d
molecular orbitals can be interpreted as a 2p — 3d transition
accompanied by simultaneous 3d — 3d transitions i.e. metal-
to-metal charge transfer.

Partial ion yield (PIY) spectra of CoPPIX"

The PIY spectra for the radical dication CoPPIX*" and for several
fragments [CoPPIX-neutral losses]*" formed upon single ion-
isation are presented in Fig. 6. Only PIYs for fragments well
separated from neighbouring peaks (at m/z > 247) and which
can be unambiguously assigned are presented. Other PIYs can
be found in Fig. ESI-4.f For comparison, the two calculated
main orbital contributions from Fig. 5 are displayed in Fig. 6a.
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Fig. 6 (a) Calculated two main orbital contributions to the cobalt L-
edge XAS of CoPPIX* (see Fig. 5). (b—e) Measured PIY spectra of
product ions produced after single Auger decay following inner-shell
excitation of cobalt 2p electrons of CoPPIX" in the photon energy
range 770-804 eV. For better comparison the PIY spectra are nor-
malised to the maximum of peak C.

The PIY spectra in Fig. 6 show a distinct dependence on the
resonances in the photon energy range 770-804 eV. The main
difference in the PIYs is reflected in an increase of the relative
yield at peak A for the intact radical dication CoPPIX** (Fig. 6b)
compared to the fragments formed by neutral losses (Fig. 6¢-¢).
This indicates that resonant excitations at peak A lead to more
effective non-dissociative ionisation than fragmentation upon
single ionisation. For peak B effects are not as pronounced and
we therefore focus on peak A and C in the discussion.

A similar trend in the PIYs as for the radical dication (Fig. 6b)
is observed for the —ccCa", —~ccCa'-w and —-ccCa‘-m-v fragments
(Fig. 7b-d, respectively), which are formed upon multiple ion-
isation of CoPPIX'. The similar PIYs for the —ccCa®, -ccCa*-w
and -ccCa’-m-v fragments can be attributed to the common
involvement of the charged fragment loss (here —ccCa’). In
contrast, PIYs for other fragments involving charged fragment
losses (Fig. ESI-41) exhibit a similar trend as the fragments
formed upon single ionisation (Fig. 6¢-€). This can be explained
by the fact that, as shown in Fig. 3 and in Table ESI-1,} —-ccCa"
and -cCa"’ containing fragment peaks have several possible
contributions from neutral fragment losses formed upon single
ionisation. PIYs for fragments involving a charged fragment
loss may thus be superimposed by contributions of fragments
formed by neutral losses such that no distinct yield increase for
peak A is observed for these peaks.

The relative yield increase in peak A for the radical dication
and the -ccCa’, -ccCa'-w and —ccCa'-m-v fragments compared
to all other observed fragments points to an orbital-specific
deexcitation of CoPPIX" after cobalt 2p inner-shell excitation.
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Fig. 7 (a) Calculated two main orbital contributions to the cobalt L-
edge XAS of CoPPIX* (see Fig. 5). (b—d) Measured PIY spectra of
product ions produced upon multiple ionisation following inner-shell
excitation of cobalt 2p electrons of CoPPIX" in the photon energy
range 770-804 eV. For better comparison the PIY spectra are nor-
malised to the maximum of peak C.

Based on the orbital-contribution analysis (Fig. 5, 6a and 7a), we
assign peak A in the PIY spectra to excitations to predominantly
non-bonding d,./d,, orbitals. Peak C results from excitations to
both, non-bonding d,./d,. orbitals and antibonding ¢* d,_,
orbitals. We therefore conclude that cobalt 2p inner-shell exci-
tations to antibonding ¢* d,._,» orbitals lead overall to more
effective fragmentation compared to excitations to the non-
bonding d,./d,, orbitals, regarding single and multiple ionisa-
tion, respectively, which we attribute to the dissociative char-
acter of the antibonding orbitals. The results from the PIYs are
summarised in Scheme 2, including the observed orbital
specificity.

Besides the orbital character, two other effects can
contribute to the orbital-specific behaviour. (1) The stabilisation
of the core-excited state due to core-hole screening may be
different for the two orbital types, thus affecting the deexcita-
tion processes. Indeed, due to the strong metal character of the
non-bonding molecular orbitals, we expect that the core-hole
screening is stronger for the latter compared to the antibond-
ing orbitals, which can lead to the non-dissociative ionisation
upon single ionisation and the comparably weak fragmentation
upon multiple ionisation. (2) The internal energies after decay
of the cobalt 2p core hole may be different for the different
molecular orbitals. A higher internal energy for excitations to
the antibonding orbitals compared to the non-bonding orbitals
would lead to stronger fragmentation for the former. Besides
the superposition of PIYs for fragments from charged and
neutral fragment losses with same m/z (see text above), the
difference in internal energies can be the reason for the
different PIYs for the —ccCa’, —ccCa™-w, —ccCa’™-m-v fragments
compared to other fragments involving charged fragment

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Orbital-specific deexcitation pathways of CoPPIX* after
resonant cobalt 2p inner-shell excitation at the Ls-edge to selected
valence molecular orbitals from RAS calculation.

losses. The -ccCa’, -ccCa’-w, -ccCa’-m-v fragments are
attributed to excitations to the non-bonding orbitals and
accordingly to low-energy deexcitation products of excited
[CoPPIX*']*. Other fragments involving -ccCa® and an
increased number of side-chain losses, however, would require
more internal energy for dissociation thus resembling the
contribution of excitations to the antibonding orbitals.

Conclusions and perspectives

In conclusion, NEXAMS is a suited technique to explore the
electronic structure of the metal-active site of isolated CoPPIX"
as a “model” metalloporphyrin. In particular, the combination
with RAS calculations has proven to be a powerful tool to get
insight into the electronic structure of isolated metal-
loporphyrins and to establish correlations between deexcitation
pathways and electronic transitions in such systems. The RAS
calculations revealed that the ground state of COPPIX" is mainly
of °Ay, triplet character state with a dy’d’dy'd),'de_2°
configuration with small contributions of other low-lying states.
Comparison with the experimental spectrum gave good agree-
ment supporting this theoretical assignment. The further and
more accurate determination of the relative energies of the
lowest 3A2g state to the other low-lying states can be of great
interest for both future experimental and theoretical efforts.
The current gas-phase experiment on an isolated system proved
to be an ideal benchmark for future computations. We found
out that deexcitation processes after resonant cobalt 2p inner-
shell excitation are orbital specific and that photo products
formed by single and multiple ionisation can be distinguished,
based on comparison of the partial ion yield (PIY) NEXAMS
spectra with the RAS calculations. Here, the high stability of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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porphyrin macrocycle towards ionising radiation, and in
particular towards core-hole excitation, is remarkable as the
CoPPIX" molecule stays either fully intact or relaxes through
neutral and charged side-chain losses leaving the macrocycle
mostly intact, thus preserving some optical properties of the
system.

The following questions now need to be addressed: what are
the exact internal energy values and (how) do they affect the
deexcitation pathways of metalloporphyrins? How fast is the
dissociation from a dissociative state and is it competing with
statistical dissociation after ro-vibrational energy redistribution
- which would thereby not be quenched in biological media, i.e.
water? By employing Auger electron spectroscopy and time-
resolved NEXAMS on metalloporphyrins it would be possible
to access the internal energies and time-scales of decay mech-
anisms of 2p core excited metalloporphyrins. To date, there is
still a lack of dedicated instruments to conduct such experi-
ments on gas-phase electrosprayed ions.

This work is now to be extended to other metalloporphyrin
complexes to study the influence of the metal type, its oxidation
state and its axial ligands on the electronic structure of the
metal centre. Furthermore, electrospray ionisation offers the
possibility to exploit the capabilities of NEXAMS by systemati-
cally studying metalloporphyrins in bio-relevant systems of
increasing complexity in a bottom-up approach. In particular,
NEXAMS could be employed to probe the metal-active site in
metal-containing proteins, such as hemoglobin and cyto-
chromes. However, this is challenging due to the low contrast in
cross sections between resonant photoabsorption in the metal
and non-resonant photoabsorption within the protein at the
energies of the metal L-edges. This could be overcome by
exploiting the metal K-edge, though. Extending the present
studies from the “model” metalloporphyrin CoPPIX' to other
metalloporphyrin systems will pave the way to a deeper under-
standing of the properties of metalloporphyrins and
metalloporphyrin-containing systems.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank Isaak Unger and Olle Bjorneholm for fruitful
discussions. We thank the Helmholtz-Zentrum Berlin for the
allocation of synchrotron radiation beamtimes at BESSY II at
the beamline UE52-PGM. We acknowledge DESY (Hamburg,
Germany), a member of the Helmholtz Association HGF, for the
provision of experimental facilities. Parts of this research were
carried out at PETRA III and we would like to thank Moritz
Hoesch, Florian Trinter, Kai Bagschik and Frank Scholz for
assistance in using beamline P04. K. S., S. D., L. S., and S. B.
were supported by the Helmholtz Initiative and Networking
Fund through the Young Investigators Group Program (VH-NG-
1104). P. S. M. acknowledges financial support from the
Helmbholtz Association via grant VH-NG-1105. K. S., S. T., and S.
B. acknowledge support from the Deutsche

Chem. Sci,, 2021, 12, 3966-3976 | 3973


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc06591a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 03 February 2021. Downloaded on 2/14/2026 12:17:34 PM.

(cc)

Chemical Science

Forschungsgemeinschaft, project B03 in the SFB 755 — Nano-
scale Photonic Imaging (DFG / 28586557). S. T. is grateful for the
financial support provided by the HGF/Recruitment Initiative
and HGF/ECRAPS. M. G. acknowledges a Knut and Alice Wal-
lenberg Foundation postdoctoral scholarship (KAW2019.0559).
X. W. would like to thank the China Scholarship Council for
financial support (201703170232). This research was supported
in part through the Maxwell computational resources operated
at DESY, Hamburg, Germany. Parts of the computations were
performed on resources provided by National Supercomputer
Centre at Linkoping University (Tetralith) under projects
SNIC2018-7-47 and SNIC2018-6-42 at Lund University (Lunarc).
The end station at UE52-PGM is partially supported by BMBF
grant 05K16VF1.

Notes and references

1 The Porphyrin Handbook, Volume 4/Biochemistry and Binding:
Activation of Small Molecules, ed. K. Kadish, K. M. Smith and
R. Guilard, Academic Press, San Diego, London, 2000.

2 The Porphyrin Handbook, Volume 13/Chlorophylls and Bilins:
Biosynthesis, Synthesis, and Degradation, ed. K. Kadish,
K. M. Smith and R. Guilard, Academic Press, San Diego,
2003.

3 Y. Shan, J. Pepe, T. H. Lu, K. K. Elbirt, R. W. Lambrecht and
H. L. Bonkovsky, Arch. Biochem. Biophys., 2000, 380, 219-227.

4 L. B. Josefsen and R. W. Boyle, Met.-Based Drugs, 2008, 2008,
1-24.

5 M. Ethirajan, Y. Chen, P. Joshi and R. K. Pandey, Chem. Soc.
Rev., 2011, 40, 340-362.

6 M. Imran, M. Ramzan, A. K. Qureshi, M. Azhar Khan and
M. Tariq, Biosensors, 2018, 8, 1-17.

7 S. Mathew, A. Yella, P. Gao, R. Humphry-Baker,
B. F. E. Curchod, N. Ashari-Astani, 1. Tavernelli,
U. Rothlisberger, M. K. Nazeeruddin and M. Grétzel, Nat.
Chem., 2014, 6, 242-247.

8 L. L. Li and E. W.-G. Diau, Chem. Soc. Rev., 2013, 42, 291-304.
9 N. A. Rakow and K. S. Suslick, Nature, 2000, 406, 710-713.
10 K. Norvaisa, M. Kielmann and M. O. Senge, ChemBioChem,

2020, 21, 1793-1807.

11 J. Shen, R. Kortlever, R. Kas, Y. Y. Birdja, O. Diaz-Morales,
Y. Kwon, 1. Ledezma-Yanez, K. J. P. Schouten, G. Mul and
M. T. M. Koper, Nat. Commun., 2015, 6, 8177.

12 M. Gouterman, J. Mol. Spectrosc., 1961, 6, 138-163.

13 G. H. Loew and D. L. Harris, Chem. Rev., 2000, 100, 407-420.

14 K. Atak, R. Golnak, J. Xiao, M. Pfluger, T. Brandenburg,
B. Winter and E. F. Aziz, Phys. Chem. Chem. Phys., 2015, 17,
3409-3414.

15 R. F. Khairutdinov and N. Serpone, J. Phys. Chem., 1995, 99,
11952-11958.

16 L. Monsu Scolaro, M. Castriciano, A. Romeo, S. Patane,
E. Cefali and M. Allegrini, J. Phys. Chem. B, 2002, 106,
2453-2459.

17 P. Jéager, K. Brendle, E. Schneider, S. Kohaut,
M. K. Armbruster, K. Fink, P. Weis and M. M. Kappes, J.
Phys. Chem. A, 2018, 122, 2974-2982.

3974 | Chem. Sci, 2021, 12, 3966-3976

View Article Online

Edge Article

18 M. K. Lykkegaard, A. Ehlerding, P. Hvelplund, U. Kadhane,
M.-B. S. Kirketerp, S. B. Nielsen, S. Panja, J. A. Wyer and
H. Zettergren, J. Am. Chem. Soc., 2008, 130, 11856-11857.

19 J. A. Wyer and S. Brgndsted Nielsen, Angew. Chem., Int. Ed.,
2012, 51, 10256-10260.

20 N. Shafizadeh, S. Soorkia, G. Grégoire, M. Broquier,
M. E. Crestoni and B. Soep, Chem.-Eur. J., 2017, 23, 13493-
13500.

21 G.]. Van Berkel, S. A. McLuckey and G. L. Glish, Anal. Chem.,
1991, 63, 1098-1109.

22 B. F. Milne, Y. Toker, A. Rubio and S. B. Nielsen, Angew.
Chem., Int. Ed., 2015, 54, 2170-2173.

23 B. Chiavarino, M. E. Crestoni, S. Fornarini and C. Rovira,
Chem.—Eur. J., 2007, 13, 776-785.

24 M. Danton and C. K. Lim, Biomed. Chromatogr., 2006, 20,
612-621.

25 M. K. Lykkegaard, H. Zettergren, M.-B. S. Kirketerp,
A. Ehlerding, J. A. Wyer, U. Kadhane and S. B. Nielsen, J.
Phys. Chem. A, 2009, 113, 1440-1444.

26 C. B. Nielsen, J. S. Forster, P. R. Ogilby and S. B. Nielsen, J.
Phys. Chem. A, 2005, 109, 3875-3879.

27 O. P. Charkin, N. M. Klimenko, P. T. Nguyen, D. O. Charkin,
A.M. Mebel, S. H. Lin, Y. S. Wang, S. C. Wei and H.-C. Chang,
Chem. Phys. Lett., 2005, 415, 362-369.

28 V. Bernigaud, K. Drenck, B. A. Huber, P. Hvelplund, T. Jabot,
U. Kadhane, M. B. S. Kirketerp, B. Liu, M. K. Lykkegaard,
B. Manil and S. B. Nielsen, J. Am. Soc. Mass Spectrom.,
2008, 19, 809-813.

29 M. R. Calvo, ]J. U. Andersen, P. Hvelplund, S. B. Nielsen,
U. V. Pedersen, J. Rangama, S. Tomita and J. S. Forster, J.
Chem. Phys., 2004, 120, 5067-5072.

30 J. A. Wyer and S. B. Nielsen, J. Chem. Phys., 2010, 133, 084306.

31 J. A. Wyer, C. S. Jensen and S. Brgndsted Nielsen, Int. J. Mass
Spectrom., 2011, 308, 126-132.

32 Z.Yin, B. Sun, X. Wang, X. Cheng, W. Hang and B. Huang, J.
Anal. At. Spectrom., 2014, 29, 1714-1719.

33 J. Mack and M. ]. Stillman, The Porphyrin Handbook Volume
16/Phthalocyanines: ~ Spectroscopic  and  Electrochemical
Characterization, ed. K. M. Kadish, K. M. Smith and R.
Guilard, Academic Press, Amsterdam, 2003, pp. 43-116.

34 J. Fink, T. Miiller-Heinzerling, B. Scheerer, W. Speier,
F. U. Hillebrecht, J. C. Fuggle, J. Zaanen and
G. A. Sawatzky, Phys. Rev. B: Condens. Matter Mater. Phys.,
1985, 32, 4899-4904.

35 R. K. Hocking, E. C. Wasinger, Y. L. Yan, F. M. F. Degroot,
F. A. Walker, K. O. Hodgson, B. Hedman and
E. I. Solomon, J. Am. Chem. Soc., 2007, 129, 113-125.

36 S. A. Krasnikov, A. B. Preobrajenski, N. N. Sergeeva,
M. M. Brzhezinskaya, M. A. Nesterov, A. A. Cafolla,
M. O. Senge and A. S. Vinogradov, Chem. Phys., 2007, 332,
318-324.

37 E. F. Aziz, N. Ottosson, S. Bonhommeau, N. Bergmann,
W. Eberhardt and M. Chergui, Phys. Rev. Lett., 2009, 102,
068103.

38 P. L. Cook, X. Liu, W. Yang and F. ]J. Himpsel, J. Chem. Phys.,
2009, 131, 194701.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc06591a

Open Access Article. Published on 03 February 2021. Downloaded on 2/14/2026 12:17:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

39 K. Atak, R. Golnak, J. Xiao, E. Suljoti, M. Pfliiger,
T. Brandenburg, B. Winter and E. F. Aziz, J. Phys. Chem. B,
2014, 118, 9938-9943.

40 P.S. Johnson, J. M. Garcia-Lastra, C. K. Kennedy, N. J. Jersett,
I. Boukahil, F. J. Himpsel and P. L. Cook, J. Chem. Phys.,
2014, 140, 114706.

41 R. Golnak, J. Xiao, M. Pohl, C. Schwanke, A. Neubauer,
K. M. Lange, K. Atak and E. F. Aziz, Inorg. Chem., 2016, 55,
22-28.

42 P. L. Cook, W. Yang, X. Liu, J. M. Garcia-Lastra, A. Rubio and
F. J. Himpsel, J. Chem. Phys., 2011, 134, 204707.

43 0. Gonzalez-Magana, G. Reitsma, M. Tiemens, L. Boschman,
R. Hoekstra and T. Schlathdélter, J. Phys. Chem. A, 2012, 116,
10745-10751.

44 T. Schlatholter and R. Hoekstra, Photophysics of Ionic
Biochromophores, eds. S. Brondsted Nielsen and J. A. Wyer,
Springer-Verlag, Berlin, Heidelberg, 2013, pp. 209-226.

45 A. R. Milosavljevi¢, A. Giuliani and C. Nicolas, X-ray and
Neutron Techniques for Nanomaterials Characterization, ed.
C. S. S. R. Kumar, Springer-Verlag, Berlin, Heidelberg,
2016, pp. 451-505.

46 W. Eberhardt, Phys. Scr., 1987, 1987, 28-38.

47 J. C. Fuggle and S. F. Alvarado, Phys. Rev. A: At., Mol., Opt.
Phys., 1980, 22, 1615-1624.

48 K. Godehusen, T. Richter, P. Zimmermann and P. Wernet, J.
Phys. Chem. A, 2017, 121, 66-72.

49 R. V. Pinjari, M. G. Delcey, M. Guo, M. Odelius and
M. Lundberg, J. Chem. Phys., 2014, 141, 124116.

50 R. V. Pinjari, M. G. Delcey, M. Guo, M. Odelius and
M. Lundberg, J. Comput. Chem., 2016, 37, 477-486.

51 J. Norell, R. M. Jay, M. Hantschmann, S. Eckert, M. Guo,
K. J. Gaffney, P. Wernet, M. Lundberg, A. Fohlisch and
M. Odelius, Phys. Chem. Chem. Phys., 2018, 20, 7243-7253.

52 M. Kubin, M. Guo, M. Ekimova, E. Killman, ]J. Kern,
V. K. Yachandra, J. Yano, E. T. J. Nibbering, M. Lundberg
and P. Wernet, J. Phys. Chem. B, 2018, 122, 7375-7384.

53 M. Kubin, M. Guo, M. Ekimova, M. L. Baker, T. Kroll,
E. Kéllman, J. Kern, V. K. Yachandra, ]. Yano,
E. T. ]J. Nibbering, M. Lundberg and P. Wernet, Inorg.
Chem., 2018, 57, 5449-5462.

54 M. Kubin, M. Guo, T. Kroll, H. Lochel, E. Kéillman,
M. L. Baker, R. Mitzner, S. Gul, J. Kern, A. Fohlisch,
A. Erko, U. Bergmann, V. Yachandra, J. Yano, M. Lundberg
and P. Wernet, Chem. Sci., 2018, 9, 6813-6829.

55 M. Guo, E. Kéllman, R. V. Pinjari, R. C. Couto, L. Kragh
Serensen, R. Lindh, K. Pierloot and M. Lundberg, J. Chem.
Theory Comput., 2019, 15, 477-489.

56 M. Guo, X. Liu and R. He, Inorg. Chem. Front., 2020, 7, 1927-
1938.

57 K. Hirsch, J. T. Lau, P. Klar, A. Langenberg, ]J. Probst,
J. Rittmann, M. Vogel, V. Zamudio-Bayer, T. Moller and
B. von Issendorff, J. Phys. B: At., Mol. Opt. Phys., 2009, 42,
154029.

58 M. Niemeyer, K. Hirsch, V. Zamudio-Bayer, A. Langenberg,
M. Vogel, M. Kossick, C. Ebrecht, K. Egashira, A. Terasaki,
T. Moller, B. v. Issendorff and J. T. Lau, Phys. Rev. Lett.,
2012, 108, 057201.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

59 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, ]. A. Montgomery,
J. E. Peralta, F. Ogliaro, M. Bearpark, ]J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,
P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
0. Farkas, J. B. Foresman, J. V. Ortiz, ]J. Cioslowski and
D. ]J. Fox, Gaussian 09 (Revision A.02), Gaussian Inc.,
Wallingford CT, 2009.

60 I. F. Galvan, M. Vacher, A. Alavi, C. Angeli, F. Aquilante,
J. Autschbach, J. J. Bao, S. 1. Bokarev, N. A. Bogdanov,
R. K. Carlson, L. F. Chibotaru, J. Creutzberg, N. Dattani,
M. G. Delcey, S. S. Dong, A. Dreuw, L. Freitag, L. M. Frutos,
L. Gagliardi, F. Gendron, A. Giussani, L. Gonzalez, G. Grell,
M. Guo, C. E. Hoyer, M. Johansson, S. Keller, S. Knecht,

Kovacevi¢, E. Kéllman, G. Li Manni, M. Lundberg,
Ma, S. Mai, J. P. Malhado, P. A. Malmaqyvist,
Marquetand, S. A. Mewes, ]J. Norell, M. Olivucci,
. Oppel, Q. M. Phung, K. Pierloot, F. Plasser, M. Reiher,
M. Sand, I Schapiro, P. Sharma, C. ]. Stein,
K. Serensen, D. G. Truhlar, M. Ugandi, L. Ungur,

. Valentini, S. Vancoillie, V. Veryazov, O. Weser,
T. A. Wesotowski, P.-O. Widmark, S. Wouters, A. Zech,
J. P. Zobel and R. Lindh, J. Chem. Theory Comput., 2019,
15, 5925-5964.

61 M. Guo, L. K. Sgrensen, M. G. Delcey, R. V. Pinjari and
M. Lundberg, Phys. Chem. Chem. Phys., 2016, 18, 3250-3259.

62 M. G. Delcey, L. K. Sgrensen, M. Vacher, R. C. Couto and
M. Lundberg, J. Comput. Chem., 2019, 40, 1789-1799.

63 L. K. Serensen, M. Guo, R. Lindh and M. Lundberg, Mol
Phys., 2017, 115, 174-189.

64 M. Douglas and N. M. Kroll, Ann. Phys., 1974, 82, 89-155.

65 B. A. Hess, Phys. Rev. A: At., Mol., Opt. Phys., 1986, 33, 3742-
3748.

66 J. Bostrom, M. G. Delcey, F. Aquilante, L. Serrano-Andrés,
T. B. Pedersen and R. Lindh, J. Chem. Theory Comput.,
2010, 6, 747-754.

67 E. Killman, M. G. Delcey, M. Guo, R. Lindh and
M. Lundberg, Chem. Phys., 2020, 535, 110786.

68 N. Shafizadeh, S. Sorgues and B. Soep, Chem. Phys. Lett.,
2004, 391, 380-384.

69 J. Laskin, J. H. Futrell and I. K. Chu, J. Am. Chem. Soc., 2007,
129, 9598-9599.

70 S. Schippers, R. Beerwerth, S. Bari, T. Buhr, K. Holste,
A. L. D. Kilcoyne, A. Perry-Sassmannshausen,
R. A. Phaneuf, S. Reinwardt, D. W. Savin, K. Schubert,

> P2 ERO

Chem. Sci,, 2021, 12, 3966-3976 | 3975


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc06591a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 03 February 2021. Downloaded on 2/14/2026 12:17:34 PM.

(cc)

View Article Online

Chemical Science Edge Article

S. Fritzsche, M. Martins and A. Miiller, Astrophys. J., 2021, 72 M. Ohno and G. A. van Riessen, J. Electron Spectrosc. Relat.

https://www.arxiv.org/abs/2010.00473. Phenom., 2003, 128, 1-31.
71 Y. Ono, T. Makita and K. Kodera, Bull. Chem. Soc. Jpn., 1968, 73 P. S. Miedema, S. Stepanow, P. Gambardella and F. M. F. De
41, 1793-1798. Groot, J. Phys.: Conf. Ser., 2009, 190, 012143.

3976 | Chem. Sci., 2021, 12, 3966-3976 © 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc06591a

	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a
	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a
	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a
	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a
	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a

	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a
	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a
	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a
	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a
	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a
	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a

	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a
	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a
	The electronic structure and deexcitation pathways of an isolated metalloporphyrin ion resolved by metal L-edge spectroscopyElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06591a


