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Materialien und Energie, 12489 Berlin, Germ
dPhysikalisches Institut, Albert-Ludwigs-U

Germany
eZernike Institute for Advanced Material

Groningen, The Netherlands
fInstitut für Röntgenphysik, Georg-August-U

Germany

† Electronic supplementary informa
10.1039/d0sc06591a

‡ These authors contributed equally to th

§ Current address: SSRL, SLAC Nationa
California 94025, USA.

Cite this: Chem. Sci., 2021, 12, 3966

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 1st December 2020
Accepted 23rd January 2021

DOI: 10.1039/d0sc06591a

rsc.li/chemical-science

3966 | Chem. Sci., 2021, 12, 3966–39
ructure and deexcitation pathways
of an isolated metalloporphyrin ion resolved by
metal L-edge spectroscopy†
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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(III)

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 L3-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 3A2g triplet

ground state and that competing excitations to metal-centred non-bonding and antibonding s*

molecular orbitals lead to distinct deexcitation pathways.
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,1 chlorophyll A (a magnesium-containing
porphyrin) is involved in the photosynthesis of plants2 and
cobalt protoporphyrin IX is an inducer of hemeoxygenase-1, an
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enzyme that catalyses the heme catabolism.3 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,4,5 radiolabelled molecular imaging,6

solar cells,7,8 colorimetric sensors,9,10 and catalysts.11

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 p–p*

transitions in the porphyrin macrocycle, namely the Soret and Q
bands.12 The electronic structure of metalloporphyrins is crucial
for their functionality and is determined by e.g. the axial ligands
Fig. 1 Structure of metalloporphyrins. The peripheral side chains of
the cobalt(III) 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.13 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.14 In
addition, many porphyrins tend to form aggregates in solu-
tion.15,16 In contrast, gas-phase experiments on isolated ionic
metalloporphyrins, as produced by electrospray ionisation
sources, provide control over stoichiometry,17 axial ligands18–20

and the oxidation state of metalloporphyrins,21–23 thus allowing
the study of fundamental properties of the molecules in well-
dened states.

Previous mass-spectrometric studies on electrosprayed
metal protoporphyrin IX ions employed collision-induced
dissociation (CID),24–27 electron-capture-induced dissociation
(ECD)28 and laser-induced dissociation (LID)18,25,26,29–32 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.25,30 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
ip 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 CH2COOHc.24–27 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 p–p* transitions in
the macrocycle which obscure the dipole-forbidden and thus
weak d–d electronic transitions.33 L2,3-edge spectroscopy (2p /

3d transitions, further referred to as L-edge spectroscopy) of 3d
transition metal elements using so X-rays, in contrast, directly
allows probing molecular orbitals with 3d character34 and is
therefore a powerful tool to study the electronic structure of the
metal-active site in metalloporphyrins.14,35–42 The combination
of 3rd generation synchrotron sources – able to deliver the
required photon energies with a sufficient photon ux – with
electrospray ionisation sources and mass spectrometry, also
© 2021 The Author(s). Published by the Royal Society of Chemistry
referred to as near-edge X-ray absorption mass spectrometry
(NEXAMS), has been mainly employed to investigate peptides
and proteins in the gas phase.43–45

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 (TIY). The TIY
is proportional to the X-ray absorption of the system if deexci-
tation by uorescence can be neglected.46 This is indeed the
case for the 2p core-hole decay of 3d transition metals for which
Auger processes dominate and contributions from uorescence
are <1%.47 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 aer 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 p*

orbitals lead to more efficient fragmentation.48 Iron penta-
carbonyl, in contrast, does not exhibit such an orbital- or state-
specic 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 nal
states.48

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(III)
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,49–56

to unravel the electronic structure of isolated CoPPIX+. In the
following, we discuss the fragmentation pathways of CoPPIX+

subsequent to single and multiple ionisation aer resonant
photoexcitation at the cobalt L3-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 purication.
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 station57,58

of the UE52_PGM beamline at the BESSY II synchrotron (HZB
Berlin, Germany). Cobalt(III) protoporphyrin IX cations were
formed by electrospray ionisation of a 30 mM 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
lter and were deected to the photon beamline axis with an
electrostatic bender. The ions were accumulated in a cryogenic
linear ion trap (T ¼ 18 K) with helium buffer gas before being
exposed to the so 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 ux 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 reec-
tron time-of-ight 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 ESI†). The mass resolution varied due
to the specicity of the ion trap and spectrometer and was as
follows: m/Dm ¼ 1600 at m/z 309.6, m/Dm ¼ 1350 at m/z 268.6
and m/Dm ¼ 900 at m/z 249.5. The mass calibration and reso-
lution allowed us to distinguish the isotopic pattern of the
photo product CoPPIX2+. Comparison with the theoretical
isotopic pattern (Fig. ESI-1†) conrmed that the precursor ions
are in the cationic CoIIIPPIX+ (m/z 619.6) and not the protonated
[CoIIPPIX + H]+ (m/z 620.6) form.

All obtained mass spectra were normalised to the photon
ux. 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 L3-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.
Fig. 2 (a) Mass spectrum of CoPPIX+ upon resonant absorption at 780
spectrum (see Experimental section). (b) Below-edge mass spectrum of
indicated in green and yellow, respectively.

3968 | Chem. Sci., 2021, 12, 3966–3976
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

Themolecular geometry was optimised using density functional
theory (DFT) with the B3LYP functional and the 6-311g* basis
set using Gaussian 09,59 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
eld (CASSCF) method. The active space, shown in Fig. ESI-6,†
is composed of ve cobalt 3d-character orbitals together with
one porphyrin-character s donation orbital and ve empty
cobalt 4d-character orbitals. The energy calculations of low-
lying states enable us to assign the ground state as a 3A2g
triplet state with the electron conguration
dxy

2dz2
2dxz

1dyz
1dx2�y2

0. The energies together with the schematic
representations of selected low-lying states are available in
Fig. ESI-7.† Under the spin orbit-coupling scheme the ground
state has a 3A2g 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 conrmation 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
OpenMolcas60 is used for the core-excited states calculation.61–63

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.† Scalar relativistic effects have been
.5 eV at the cobalt L3-edge after subtraction of the below-edge mass
CoPPIX+. The mass ranges of doubly and triply charged fragments are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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included by using a second-order Douglas–Kroll–Hess Hamil-
tonian64,65 in combination with the ANO-RCC-VDZ basis set and
the use of a Cholesky decomposition approach to approximate
the two-electron integrals.66 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 L3- and L2-edge respectively, further
convoluted with a Gaussian broadening of 0.3 eV. An energy
shi of �6.22 eV is applied to the calculated cobalt L-edge XAS
tomatch the experimental spectrum. The similarity between the
calculated XAS spectra and the experimental spectrum were
analysed through a weighted cross-correlation function.67 The
similarity scores can be found in Table ESI-3.†
Results and discussion
Fragmentation of CoPPIX+ at the cobalt L3-edge

The mass spectrum obtained for CoPPIX+ in the mass range
50 < m/z < 325 aer resonant photoabsorption at 780.5 eV at the
cobalt L3-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 themass spectrum at this energy.
The mass spectrum is dominated by the intact radical dication
CoPPIX2+ 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.68 We
assume that peaks at m/z < 206.4, with m/z 206.4 corresponding
to the intact triply charged CoPPIX3+, are mainly due to triply
charged fragments. The observed photo products will be dis-
cussed in more detail later in this section.

Aer 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
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 L3-edge. Photo products which are not
observed in the mass spectrum in Fig. 2 and in ESI-2† are crossed out
in red.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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 lls 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
[CoPPIX2+]*. 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
m/z > 320 (Fig. ESI-2†), charged fragment losses from excited
[CoPPIX2+]* can be excluded. Single Auger decay in CoPPIX+

leads to the intact radical dication CoPPIX2+ and doubly
charged fragments formed by neutral losses from excited
[CoPPIX2+]*. 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 H2O groups from CoPPIX2+, respectively. H2O loss
from metalloporphyrins was observed in both, CID24 and LID25

experiments as a minor fragmentation channel. Peaks at lower
m/z in Fig. 3 are assigned to multiple neutral side-chain losses
of methyl (CH3c ¼ m, �15 u), water (H2O ¼ w, �18 u), vinyl
(CHCH2c ¼ v, �27 u) and carboxylic groups (CH2CH2COOHc ¼
ccCac, �73 u; CH2COOHc ¼ cCac, �59 u; COOHc ¼ Ca, �45 u).
Similar side-chain losses were observed as neutral losses in
CID24–27 and in LID18,25,26,29,30 experiments, although we observe
overall a higher number of fragments from cascade dissocia-
tions aer core-hole relaxation. Interestingly, single and double
losses of CH2COOHc groups from CoPPIX2+ (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,27 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
(C5H4 ¼ p) and the m/z 268.6 peak to the additional loss of H2O
(-w-p in Fig. 3). C5H4 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-1† 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 L3-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.
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metalloporphyrins aer resonant photoexcitation at the metal
L3-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 aer collisional activation are
involved aer 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 aer 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.69
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 [CoPPIXz$3+]* (see Scheme 1). For resonant iron
2p inner-shell excitation of Fe2+ ions with 3d6 electrons, similar
to cobalt ions in CoPPIX+, double ionisation is the main deex-
citation process.70 Therefore, we discuss the case z ¼ 3, corre-
sponding to double ionisation of CoPPIX+, here. Deexcitation of
[CoPPIX3+]*may lead to the formation of CoPPIX3+ 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 [CoPPIX3+]*. Formation of the intact CoPPIX3+

at m/z 206.4 cannot be resolved in the present data but cannot
be strictly excluded neither. However, the contribution of
CoPPIX3+ 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-2†)
double charged fragment losses from excited [CoPPIX3+]* can
be ruled out. Although charged fragment losses from excited
[CoPPIX2+]* are not observed, the stronger Coulombic repulsion
in excited highly charged [CoPPIXz$3+]* 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-3†) 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 [CoPPIX3+]* followed by further deexcita-
tion. Therefore, fragments atm/z 273.1, m/z 264.1 andm/z 252.0
can be unambiguously assigned to charged fragment losses
from excited [CoPPIX3+]*. In particular charged carboxylic
groups, namely CH2CH2COOH

+ (73 u) and CH3COOHc+ (60 u),
are known as the main products from electron impact ionisa-
tion of long-chain carboxylic acids71 and could contribute to
charged fragment losses from excited [CoPPIXz$3+]*. 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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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.43
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or ccCa groups. For ccCac, 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 L3-edge
(see Experimental section). Below the L3-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 CoPPIX2+ 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 [CoPPIXz$3+]*. The peak pattern in the
mass spectra at m/z < 267 below (Fig. 2b) and on-below (Fig. 2a)
the L3-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 atm/z < 267 in onemass spectrum.
Most of the fragments atm/z > 267, in contrast, are formed upon
resonant absorption (Fig. 2a), but not in the energy region below
the L3-edge (Fig. 2b). We therefore conclude that these frag-
ments are mainly produced from neutral losses of the CoPPIX2+

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 L3- and L2-edges by the core 2p spin-orbit coupling. In the
following discussion we focus on the L3-edge as it is better
resolved compared to the L2-edge due to the core-hole lifetime
difference.72 The experimental L3-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 (3A2g,

3Eg,
3B1g, and

5A1g) with different electron
congurations, 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.73 Schematic representations
of the selected electron congurations together with their cor-
responding XAS are available in the ESI.† The ground state has
a triplet 3A2g character with a dxy

2dz2
2dxz

1dyz
1dx2�y2

0 congura-
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,† the calculated XAS with this conguration reproduces the
experimental spectral features with the best agreement,
© 2021 The Author(s). Published by the Royal Society of Chemistry
conrming 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-10†) 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 nal 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-6† for representation of
the molecular orbitals). Peak A gains most of its intensity from
excitations to the non-bonding dxz/dyz orbitals strongly localised
on the cobalt ion with some intensity from excitations to the
antibonding s* dx2�y2 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 s*

dx2�y2 orbital. The negative contributions from the dxy and dz2
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 CoPPIX2+ and for several
fragments [CoPPIX–neutral losses]2+ 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.† For comparison, the two calculated
main orbital contributions from Fig. 5 are displayed in Fig. 6a.
Chem. Sci., 2021, 12, 3966–3976 | 3971
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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.

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.
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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 reected in an increase of the relative
yield at peak A for the intact radical dication CoPPIX2+ (Fig. 6b)
compared to the fragments formed by neutral losses (Fig. 6c–e).
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-4†) exhibit a similar trend as the fragments
formed upon single ionisation (Fig. 6c–e). This can be explained
by the fact that, as shown in Fig. 3 and in Table ESI-1,† –ccCa+

and –cCac+ 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-specic
deexcitation of CoPPIX+ aer cobalt 2p inner-shell excitation.
3972 | Chem. Sci., 2021, 12, 3966–3976
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 dxz/dyz orbitals. Peak C results from excitations to
both, non-bonding dxz/dyz orbitals and antibonding s* dx2�y2

orbitals. We therefore conclude that cobalt 2p inner-shell exci-
tations to antibonding s* dx2�y2 orbitals lead overall to more
effective fragmentation compared to excitations to the non-
bonding dxz/dyz 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
specicity.

Besides the orbital character, two other effects can
contribute to the orbital-specic 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 aer 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 L3-edge to selected
valence molecular orbitals from RAS calculation.
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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
[CoPPIX3+]*. 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 3A2g triplet character state with a dxy

2dz2
2dxz

1dyz
1dx2�y2

0

conguration 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 aer resonant cobalt 2p inner-
shell excitation are orbital specic 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
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 aer 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 inuence 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.
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M. Odelius, Phys. Chem. Chem. Phys., 2018, 20, 7243–7253.

52 M. Kubin, M. Guo, M. Ekimova, E. Källman, 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. Källman, J. Kern, V. K. Yachandra, J. Yano,
E. T. J. Nibbering, M. Lundberg and P. Wernet, Inorg.
Chem., 2018, 57, 5449–5462.

54 M. Kubin, M. Guo, T. Kroll, H. Löchel, E. Källman,
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