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Metal-ligand delocalization of iron and cobalt
porphyrin complexes in aqueous solutions probed
by soft X-ray absorption spectroscopyf
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Metal-ligand delocalization of metal porphyrin complexes in aqueous solutions was investigated by
analyzing the electronic structure of both the metal and ligand sides using soft X-ray absorption
spectroscopy (XAS) at the metal L;3-edges and nitrogen K-edge, respectively. In the N K-edge XAS
spectra of the ligands, the energies of the C—=N n* peaks of cobalt protoporphyrin IX (CoPPIX) are
higher than iron protoporphyrin IX (FePPIX). The energy difference between the two lowest peaks in the
XAS spectrum of CoPPIX is also larger than that of FePPIX. Nitrogen K-edge inner-shell calculations of
metalloporphyrins with different central metals indicate that the energy differences between these peaks
reflect the electronic configurations and spin multiplicities of metalloporphyrins. We also investigated
the hydration structure of CoPPIX in agueous solution by analyzing the electronic structure of the ligand
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and revealed that CoPPIX maintains its five-coordination geometry in aqueous solution. The present
study shows high performance of N K-edge XAS of ligands for studying the coordination structures of
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Introduction

Porphyrin is known as a ‘“pigment of life”” because porphyrin
and its metal complexes are widely utilized in various biochem-
ical processes such as photosynthetic reactions, biological
redox reactions, etc." Moreover, metal complexes of porphyrins
show unique catalytic activity for various chemical reactions
and are well-recognized as important structural components of
functional supramolecules.” Because the functions of metallo-
porphyrins are strongly dependent on the types, coordination
structures, and electronic structures of central metal ions,
many scientists have devoted a great deal of effort to reveal
the relationship between the molecular structures of metallo-
porphyrins and their functions. Nonetheless, this process is
often a bottleneck in research on metalloporphyrins.
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metalloporphyrins in solutions rather than the metal L, 3-edges of central metals.

If a crystalline solid of a metalloporphyrin is obtained, the
detailed molecular structure can be determined by single-
crystal X-ray structural analyses, allowing us to discuss the
UV-Vis and EPR spectra based on their crystal structures.®*
Nevertheless, it is difficult to discuss the relationship between
the functions of metalloporphyrins and their structures in
solution or protein scaffolds with this method, because many
metal porphyrin complexes function not in crystal phases
but in solutions or protein scaffolds, where the structures of
metalloporphyrins can be dynamically changed. For instance,
regarding the active center of the heme protein, there are some
examples of structural determination of the metal center based
only on spectroscopic analyses, such as the determination of
NO coordinating geometries based on changes in the hyperfine
structures of EPR,” and the determination of coordination
structures based on EXAFS experiments.® However, in many
cases, it is necessary to investigate the relationship between the
electronic structures of metalloporphyrins in solution or pro-
tein scaffolds and their coordination structures based on care-
ful comparison of various types of spectral data, including
UV-Vis, Mossbauer, EPR, NMR, and Raman spectroscopy, of
model complexes whose structures are crystallographically
determined.®” Accordingly, analytical methods that enable
direct comparison of the electronic structures of metallo-
porphyrins with their coordination structures in solution or
protein scaffolds without using model complexes would
become powerful tools for investigating metalloporphyrins.
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X-ray absorption spectroscopy (XAS) is an effective method
for studying the electronic structures of metal porphyrin com-
plexes with different elements. The electronic structures of the
central metal ions have been extensively studied using XAS at
the metal K-edges in the hard X-ray region. In the Fe K-edge XAS
spectra of the Fe complexes, the electronic and spin states of
the Fe centers are reflected in the transition peaks of the Fe 1s
core electrons to the Fe 4p unoccupied orbitals caused by
mixing of the Fe 4p and Fe 3d orbitals.®® The structures of
oxyhemoglobin in solution were investigated using Fe K-edge
XAS.' The relaxation processes from high-spin states to ground
states after photoexcitation to MLCT states were investigated by
time-resolved hard X-ray XAS, selecting the absorption edges of
the central metal ions with a time scale of several hundred
picoseconds.’ ™ The catalytic reactions involving metallopor-
phyrins were investigated by hard X-ray XAS.'*'> Despite such
effort, thorough understanding of metal-ligand delocalization
in metalloporphyrins has yet to be achieved, mainly because
hard X-ray XAS only observes central metal ions and does not
directly observe ligands.

The soft X-ray region below 2 keV includes the K-edges of C,
N, O, and F, as well as the L, ;-edges of transition metals such
as Mn, Fe, Co, Ni, and Cu.'® The Fe L,-edge XAS spectra
exhibit the transition of the Fe 2p core electrons to the Fe 3d
unoccupied orbitals and observed the delocalization between
the 3d orbitals of the Fe centers and the 2p orbitals of the
ligands. The electronic structures of iron protoporphyrin IX
(FePPIX) in solution were studied by Fe L,j;-edge XAS in
fluorescence yield,"”'® and those of cobalt protoporphyrin IX
(CoPPIX) were studied by Co L, s-edge XAS." The coordination
of solvent molecules to iron porphyrins were investigated by Fe
L, 5-edge XAS.?® The metal-ligand delocalization in metal com-
plexes was investigated by electronic structural analyses of
ligands employing C and N K-edge XAS.>""*” The central metal
dependence of metal-ligand delocalization was investigated by
N K-edge XAS measurements of solid metallo-octaethylpor-
phyrins in a series of 3d metal ions.”® The electronic structures
of solid Zn porphyrin systems were investigated by the N K-edge
XAS experiment with the theoretical calculations using time-
dependent density functional theory (TDDFT).> The photo-
excitation dynamics of metal complexes in solution have
been investigated using time-resolved XAS in the soft X-ray
region‘23,26,30732

As discussed in Section S1 of the ESIL} the XAS spectra of
metalloporphyrins were mainly measured using fluorescence yield,
but the spectral shapes deviated from the true absorption spectra
due to the self-absorption effect of fluorescence light. Meanwhile,
flat microjets with a thickness of several micrometers were used to
measure the XAS spectra in transmission mode.”*>***"** However,
XAS measurements of flat microjets cannot be applied to all liquid
samples because of the restrictions of vapor pressures. To over-
come these difficulties, we developed an XAS measurement
method using a liquid cell, in which the thickness of a liquid
layer is controllable from 20 nm to 40 pm.**** There is no limit to
sample selection for XAS measurements using liquid cells because
liquid samples are exchangeable using a syringe pump.
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Fig. 1 A schematic of the liquid cell for XAS of metalloporphyrins in
aqueous solutions. XAS spectra of central metals in metalloporphyrins
were obtained at the Fe or Co L,3z-edge and those of ligands were
obtained at the N K-edge, respectively. The hydration of the metallopor-
phyrin was also investigated by the N K-edge XAS.

In this study, we have investigated the metal-ligand deloca-
lization of FePPIX and CoPPIX in aqueous solutions based on
electronic structural analyses of both the metal ion and ligand
sides employing XAS at the metal L, ;-edges and the N K-edge,
respectively, by utilizing our liquid cell apparatus, as shown in
Fig. 1. The electronic configuration and spin multiplicity of the
metal complexes were directly observed by N K-edge XAS of the
ligands to determine the dependence on the central metal ions.
For the comparison of the metal complexes, we also measured
N K-edge XAS spectrum of protoporphyrin IX (PPIX), which
consists of the same porphyrin ring with no central metal ion.
The hydration of CoPPIX in aqueous solution has also been
discussed based on electronic structural analysis of the ligand.
It is important to determine the hydrated or coordinated
structures of metalloporphyrins in solution or protein scaffolds
because many metal porphyrin complexes function not in
crystal phases but in solutions or protein scaffolds, where these
structures are dynamically changed with the connection of
solvated molecules.

Methods

Sample preparation

Samples of FePPIX, CoPPIX, and PPIX were purchased from
Sigma Aldrich and were used without further purifications.
Aqueous solution of NaOH (0.5 M) was purchased from Wako
Chemicals. Solutions of FePPIX, CoPPIX, and PPIX with the
concentration of 50 mM were prepared by dissolving these
complexes in 0.5 M NaOH aqueous solutions.
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Soft X-ray absorption spectroscopy

The XAS experiments were performed at the soft X-ray undu-
lator beamline BL3U at the UVSOR-III Synchrotron.*® The detail
of the transmission-type liquid cell for XAS of liquid samples
was described previously.***® The liquid cell was in an ambient
pressure of helium gas, where a liquid layer was sandwiched
between two 100 nm thick SiC membranes. For appropriate
absorbance of soft X-rays, the thickness of the liquid layer was
controlled from 20 nm to 40 pm by adjusting the helium
pressure around the liquid cell: the liquid layer becomes
thinner by increasing the helium pressure, and vice versa. There
is no limit to sample selection because liquid samples were
introduced to the liquid cell by using a syringe pump. The
required exchange amount of liquid sample is less than 1 mL
owing to the reduced volume of the liquid cell. The sample
temperature was kept at 25 °C by using a chiller system.

In the present system, Fe and Co L, ;-edge XAS spectra can
detect several mM central metal ions of metalloporphyrins in
both aqueous solutions and organic solvents. Several mM
ligands in aqueous solutions can be observed in C and N K-
edge XAS. In organic solvents, the detection limit of ligands
depends on both the sorts of solute and solvent molecules. The
C K-edge XAS can detect the C—N n* peaks of ligands in
organic solvents which consist of single bonds such as metha-
nol, ethanol, tetrahydrofuran, etc. These details are described
in Section S2 of the ESI.t The XAS spectra were obtained using
the Beer-Lambert law, In(Zy/I), where I, and I were the transmis-
sion signals of pure solvent, which was 0.5 M NaOH aqueous
solutions and 50 mM complexes dissolved in 0.5 M NaOH
aqueous solutions, respectively. The samples were flown with
50-100 uL hour ' during the measurements. The beam size
was 200 pm X 200 um, and the photon densities at the N K-
edge, the Fe L,s-edge, and the Co L, ;-edge were 1 x 10'°,
5 x 10", and 2 x 10" photons m~? s~ ", respectively. The XAS
spectra were obtained by collecting the photon fluxes with
scanning the photon energies, where the photon fluxes at each
photon energy were collected using a photodiode detector with
the dwell time of 2 s. The XAS spectra of same samples were
cyclically measured with several times for checking the radia-
tion induced sample damages. The energy resolutions of the
incident soft X-rays were 0.7 eV at the Fe L, ;-edge, 0.78 eV at
the Co L, ;-edge, and 0.2 eV at the N K-edge, respectively. The
photon energies were precisely calibrated by measuring XAS of
the polymer film before and after the sample measurements.>”
Thus, the energy resolution did not affect the energetic posi-
tions of the XAS peaks.

Inner-shell calculation

Geometries of FePPIX, CoPPIX, and PPIX were optimized using
DFT with the PBEO exchange-correlation functional, which was
sufficiently accurate to describe the structures of transition
metal complexes.*® The optimized geometries are shown in
Section S9 of the ESIL.{ The inner-shell calculations were
performed with TDDFT applying the Tamm-Dancoff approxi-
mation (TDA) in conjunction with the CAM-B3LYP functional.*
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For the ground state of FePPIX (open-shell system), unrestricted
DFT (UDFT) was utilized otherwise specified. The inner-shell
spectra were broadened by 0.7 eV with a Gaussian line shape
and shifted by +11.93 eV. The constant energy shift is a
systematic error of TDDFT, attributable to relaxation of the
electrons caused by the core-hole and by self-interaction errors
and was determined as the value needed to align the calculated
spectrum of PPIX with the corresponding experimental
one. The def2-TZVPP basis set was used for all the geometry
optimizations and the spectral simulations otherwise specified.
Calculations were conducted using Q-Chem 5.4.2*° and
NTChem 2013 v13.1.0.*' It might be noteworthy that the pre-
sent inner-shell calculations are based on the method summar-
ized in the reviews,*>** which does not rely on the symmetry of
systems.

Spin multiplicity of each system was specified by the num-
bers of the spin-up and spin-down electrons, where FePPIX in
the calculation had 172 spin-up and 167 spin-down electrons,
respectively, whereas both the numbers of the electrons were
170 for CoPPIX. The visualized Kohn-Sham (KS) orbitals of
each system confirmed that the open shells were localized on
the central metal ion. Although the ground-state ansatz as the
reference of TDDFT calculated with UDFT for an open-shell
system may generally suffer from spin contamination, the
expectation value of the spin angular momentum obtained
for FePPIX, (S*) = 8.85, confirmed that the ansatz was almost
of the pure spin sextet (high spin) state, where the value must
be 8.75.

Results and discussion

XAS experiments of metal porphyrin complexes

Fig. 2 shows the Fe L, ;-edge XAS spectrum of FePPIX and the
Co L, ;-edge XAS spectrum of CoPPIX in aqueous solutions.
As shown in the inset of Fig. 2, hydroxo complexes of FePPIX
and CoPPIX were formed in condensed OH ™ aqueous solutions,
where the axial ligands of Cl1™ ions are exchanged to OH™ ions.
As discussed in Section S3 of the ESI,f the previous studies
indicated that FePPIX forms a cofacial dimer, where two five-
coordinated FePPIX are stacked, in this condition.'®** Golnak
et al. observed no large spectral difference between XAS of
FePPIX monomer and dimers.'®??

Since the metal L,;-edge XAS spectra correspond to the
transition of metal 2p electron to unoccupied 3d orbitals, which
can be split to the ligand field, we determined the energetic
positions of three peaks in the lowest energy region of the metal
Ls;-edge XAS spectra by the fitting procedure; the lowest,
second-lowest, and third-lowest peaks were named the first,
second, and main peaks, respectively. The energetic positions
of these peaks in FePPIX and CoPPIX are shown in Section S4 of
the ESL In the Fe L;-edge XAS spectrum of FePPIX, the energy
shifts of the first and second peaks from the main peak are
—2.395 and —1.323 eV, respectively. The energy shifts of the
first and second peaks from the main peak in the CoPPIX
spectrum are —3.268 and —1.562 eV, respectively. The energy

This journal is © the Owner Societies 2024
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Fig. 2 Metal L, 3-edge XAS spectra of central metals in aqueous solution.
(a) Fe L, 3-edge XAS spectrum of FePPIX in aqueous solution. (b) Co L; 3-
edge XAS spectrum of CoPPIX in aqueous solution. Three peaks in the Ls-
edges obtained by the fitting procedure are also shown. The insets show
molecular structures of FePPIX and CoPPIX.

differences of the multiple peaks in the CoPPIX spectrum are
larger than those of FePPIX. Therefore, the XAS spectrum of
CoPPIX shows sharper spectral shapes, where different peaks
are clearly separated from each other, compared to that of
FePPIX.

The N K-edge XAS spectra of the ligands in the metal
complexes enable us to discuss the central metal dependence
of metal-ligand delocalization in the same photon energy
regions. Fig. 3 shows the N K-edge XAS spectra of 50 mM
FePPIX, CoPPIX, and PPIX. The structures around N atoms in
ligands are close to those of pyridine molecules (C-N=—C),
which consist of the single and double bonds of the N atom
with the C atoms or the C—=N double bond spreads equivalently
to both sides of the C atoms. We simply call these structures
C=N parts, hereafter. Since PPIX has no central metal ion, the
ligand shows two different types of C—=N parts, whether the H
atoms are connected or not: one is the C-N—C bond which is
same as FePPIX and CoPPIX, and the other is close to the
structures of pyrrole molecules (C-(NH)-C). Thus, the N K-edge
XAS spectrum of PPIX consists of two C=N n* peaks, where
the energetic positions of the first and second peaks are
397.760 and 399.929 eV, respectively. The energetic positions
of these peaks in the N K-edge XAS spectra are shown in Section
S5 of the ESL.f The energy difference between the first and
second peaks in the PPIX spectrum is 2.169 €eV.

In contrast to PPIX, the C=N groups of the ligands in
FePPIX and CoPPIX are equivalent because of the coordination
of Fe and Co ions in these metal complexes. The N K-edge XAS
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Fig. 3 Nitrogen K-edge XAS spectra of FePPIX, CoPPIX, and PPIX in
aqueous solutions. The C—=N n* peaks of ligands are fitted by those of
different unoccupied orbitals. Dashed line indicates the energetic position
of the first peak in the FePPIX spectrum. The inset shows the molecular
structures of FePPIX, CoPPIX, and PPIX.

spectra of FePPIX and CoPPIX show two C=N 7* peaks derived
from the delocalization of the metal 3d orbitals to the ligand 2p
orbitals. Note that a shoulder on the lower photon energy side
of the first peak is observed in the spectrum of CoPPIX. The
first peak in the spectrum of FePPIX is 0.832 eV higher than
that of PPIX and is located between the first and second peaks
in the spectrum of PPIX. The first peak in the CoPPIX spectrum
is 0.139 eV higher than that of FePPIX. The energy differences
between the first and second peaks in the FePPIX and CoPPIX
spectra are 0.710 and 0.828 eV, respectively. The energy differ-
ence between the multiple peaks in the spectrum of CoPPIX is
larger than that of FePPIX. This tendency is consistent with the
results of the metal Lz-edge XAS shown in Fig. 2.

Nitrogen K-edge inner-shell calculations

Fig. 4 shows the calculated C—=N n* peaks of the ligands in
the N K-edge inner-shell spectra of FePPIX, CoPPIX, and PPIX.
Although the axial ligands of both FePPIX and CoPPIX
complexes are replaced from Cl™ into OH™ ions in the actual
aqueous solutions, the axial ligands were not changed in the
inner-shell calculations. It is because the spectra computed for
the complexes having Cl™ as the counter anion rather seem
close to those obtained in the experiment, possibly because
geometry optimization with the OH™ ion neglecting the solvent
effects overestimates covalency between the central metal ion
and OH™, i.e. the Co-O bond distance for Co-(OH™) is 1.80 A
while that for Co-(H,0) is 2.07 A despite fluctuation and
replacement of OH™ caused by the bulk H,0 molecules. Possi-
ble causes of the errors as well as observed mismatch of
the peak intensities in the simulated spectra, are discussed in
Section S6 of the ESIL.{ Despite the observed mismatch of the
peak intensities, it may still make sense to interpret the

Phys. Chem. Chem. Phys., 2024, 26, 23636-23645 | 23639
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Fig. 4 Calculated C=N =n* peaks of ligands in the N K-edge inner-shell
spectra of FePPIX, CoPPIX, and PPIX.

difference between the N K-edge inner-shell spectra measured
for FePPIX and CoPPIX based on that between the computed
spectra, because the effects neglected in the inner-shell calcula-
tions are common to FePPIX and CoPPIX.

The calculated N K-edge inner-shell spectrum of PPIX shows
two C=N n* peaks in the energetic positions of 397.76 and
399.68 eV. The calculated energetic positions of the C=N n*
peaks as well as the occupied and virtual orbitals between
which electronic transition takes place in each excitation are
shown in Section S5 of the ESLt{ As discussed in the XAS
experiments, two C=N n* peaks are derived from the different
types of C=N parts, whether the H atoms connect or not. The
energy difference of the second peak from the first peak in the
calculated spectrum of PPIX is 1.92 eV and consistent with the
experimental value (2.169 eV) with reasonable accuracy.

The calculated inner-shell spectrum of FePPIX shows two
C=N r* peaks, whose energetic positions are 397.75 and
398.63 eV. The two C—=N n* peaks are derived from the
delocalization of the metal 3d orbitals to the ligand 2p orbitals.
The intensity of the first peak is lower than that of the second
peak in the simulated inner-shell spectrum, which is contrary
to that obtained in the XAS experiment. Although the first peak
in the calculated spectrum of FePPIX (397.75 eV) is close to that
of PPIX (397.76 eV), the C=N n* peaks of FePPIX are mainly
located between the first and second peaks of PPIX. The energy
difference between the second and first peaks in the calculated
spectrum of FePPIX is 0.88 eV. The inner-shell spectrum of
CoPPIX shows two C=N n* peaks at the energetic positions of
398.19 and 399.17 eV. The energy difference between the
second and first peaks in the calculated spectrum of CoPPIX
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(0.98 eV) is found to be larger than that of FePPIX (0.88 eV). The
first peak in the calculated spectrum of CoPPIX shows a higher
energy shift by 0.44 eV than that of FePPIX. These computa-
tional results are qualitatively consistent with the experimental
results.

Interpretation of metal-ligand delocalization

With appropriate selection of the exchange-correlation func-
tional, the KS orbitals obtained in DFT calculations can be
considered as molecular orbitals reflecting the dynamical elec-
tronic correlation. Moreover, TDDFT with TDA can be regarded
as configuration interaction singles (CIS) utilizing the KS
orbitals. Therefore, electron excitations described by TDDFT
can be interpreted as electron transitions from occupied KS
orbitals to virtual KS orbitals. Taking advantage of these
features of (TD)DFT, we interpreted the N K-edge inner-shell
spectra based on molecular orbital pictures.

We emphasize that odd number of the electrons like the
case of FePPIX or spin multiplicity where (S,) # 0 complicates
such interpretation. As mentioned above, the UDFT anséitze
may suffer from spin contamination and the orbital energies
differ for the spin-up and spin-down electrons occupying the KS
orbitals with a same character. For example, UDFT gives (%) =
1.60 for FePPIX with 170 spin-up electrons and 169 spin-down
electrons, whereas the (S*) value must be 0.75 for the pure spin
doublet (low spin) state. Meanwhile, restricted open-shell DFT
(RODFT), where the ansétze are spin eigenfunctions and the
orbital energies are common to the spin-up and spin-down
electrons, is problematic for TDDFT, because the Fock matrices
are not fully diagonalized. Considering these factors, we con-
ducted RODFT calculations to discuss the SCF and orbital
energies with respect to the spin multiplicity. Results of the
RODFT calculations are shown in Section S7 of the ESIL.{ For
discussing the effects of spin multiplicity on the inner-shell
spectra, we conducted RODFT calculations for cations in the
manner of the equivalent core or (Z + 1) approximation,*®
instead of direct inner-shell calculations, and show the results
in Section S8 of the ESI.t

As shown in Fig. 5(a), in metalloporphyrins, the 3d electro-
nic orbitals of the central metals are delocalized with the 2p
electronic orbitals of the ligands. Therefore, the energy shifts of
the C=N n* peaks in the N K-edge XAS spectra of the ligands
can be explained by the ligand-field theory of metal complexes.
Fig. 5(b) shows the 3d electronic configuration of FePPIX and
CoPPIX under the ligand-field effect. Although Fe(mr) porphyrin
exhibits a 3ds electronic configuration and its spin configu-
ration can be low, high, or intermediate depending on the types
of axial ligand, FePPIX with the axial ligands of CI~ or OH™ ions
tends to lie in the high-spin state because the coordination of
Cl” or OH™ ions generally results in relatively small crystal-field
stabilization energies.’ The exchange interaction also stabilizes
the electronic state, where all the 3d orbitals are occupied by
one electron each in a 3d; electronic configuration. It is known
from Mossbauer spectroscopy that FePPIX has the highest
spin multiplicity and maintains a five-coordination geometry in
solution."®
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Fig. 5 Schematic electronic configurations for the interpretation of
metal-ligand delocalization. (a) Schematic diagram of an orbital made
from a 3d orbital of a central metal ion and a =n* orbital of PPIX.
(b) Schematic 3d electronic configuration of the Fe** and Co®* ions under
the ligand-field effect. (c) Schematic 3d electronic configurations of
FePPIX after the first and second lowest-energy N 1s core excitations in
left and right panels, respectively. The electrons depicted with magenta
and red arrows feel Coulomb potentials from the nuclei screened by five
and three electrons indicated by blue arrows in the 3d configurations,
respectively.

CoPPIX exhibits a 3de electronic configuration. Because the
3d, electronic configuration includes at least one electron pair,
the stabilization effect of the exchange interaction in the 3de
electronic configuration is smaller than that in the high-spin
3ds electronic configuration, as estimated by the RODFT calcu-
lations summarized in Section S7 of the ESL{ Consequently,
CoPPIX has the lowest spin multiplicity, where the electron
pairs occupy the d,, d,,, and d,, orbitals, as confirmed by Co
L, s-edge XAS of CoPPIX."” Note that the spin multiplicity of
each transition metal complex is determined by the crystal field
splitting energy and the pairing energy. Considering the high-
spin state of FePPIX is more stable than the low-spin state only
by 0.34 eV, FePPIX may also take the low-spin state once the C1~
or OH™ ligand has been replaced with a strong field ligand such
as NH;. The energy diagram of CoPPIX indicates that the
energetic positions of the two C=N n* peaks in the N K-edge
XAS spectra of the ligands are associated with the d,» and d,>_ e
orbitals. The unoccupied orbitals, such as d, and d,_
observed in XAS are stabilized by the induced polarization of
the effective nuclear charge increase after the excitation of the
N 1s core electrons, which causes a lower energy shift of the
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XAS peaks.”” The induced polarization of the unoccupied
orbitals decreases by increasing the number of occupied elec-
trons beneath these unoccupied orbitals, resulting in higher
energetic positions of the corresponding XAS peaks. FePPIX has
only three electrons in the 3d orbitals beneath the d,- and d,2_e
orbitals, whereas CoPPIX has six electrons in these electronic
orbitals. Therefore, the C—N n* peaks in the spectrum of
CoPPIX show higher energy shifts than those of FePPIX. The
shoulder of the first C=N n* peak in the spectrum of CoPPIX
was not reproduced in the present inner-shell calculations. It is
possible that the molecular structure of CoPPIX was distorted
by the interactions with solvent molecules, and the shoulder on
the lower energy side emerged due to the delocalization of the
N 2p orbitals with the Co 3d.,, 3d,,, and 3d,, orbitals. Further
study is required for confirming the assignment of the shoulder
in the spectrum of CoPPIX.

The energy differences between the two C—=N n* peaks in
the N K-edge XAS spectra of FePPIX and CoPPIX can also be
explained by the induced polarization effect. In the CoPPIX
spectrum, the induced polarization effect is not affected by the
excitation of the N 1s core electrons to either the d,. or d,o_ye
orbital because the configuration of the occupied electrons
beneath these electronic orbitals is common in the two excita-
tion channels. As shown in Fig. 5(c), the two C=N 7* peaks
corresponding to the d,» and d,._,» orbitals in the FePPIX
spectrum exhibit different induced polarization effects. The
first peak is associated with the transition of the N 1s core
electrons to the d,. orbital, and the second peak is associated
with that of the d,._,. orbital. Because the induced polarization
decreases as the number of occupied electrons in the inner-
shells increases, the induced polarization effect is weaker for
the electronic configuration shown in the left panel of Fig. 5(c)
than that for the electronic configuration shown in the right
panel. As a result, the higher energy shift effect of the first peak
caused by the weaker induced polarization is stronger than that
of the second peak, resulting in a smaller energy difference
between the two C=N n* peaks in the spectrum of FePPIX than
in that of CoPPIX. These energy diagrams also explain the
energy differences between the multiple peaks in the metal
L;-edge XAS spectra of FePPIX and CoPPIX.

As described above, ligand-field splitting in metal complexes
can be observed in the C=N n* peaks of ligands in the N K-edge
XAS spectra. In contrast to the metal L, ;-edge XAS spectra,
which cannot directly compare the electronic structures of
different central metal ions, the N K-edge XAS measurements
enable us to observe the central metal dependence of the
metal-ligand delocalization by electronic structural analyses
of the ligands. The different energy shifts of the C=N n* peaks
in the N K-edge XAS spectra of FePPIX and CoPPIX can be
explained by the induced polarization effect of the core elec-
trons in the metal 3d electronic configurations.

Consideration of the hydration of CoPPIX

It is known for decades that FePPIX in aqueous solution
maintains a five-coordinate geometry with the highest spin
multiplicity.*® Meanwhile, the coordination geometry of
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CoPPIX in aqueous solution was not identified yet. Although
the previous Co L, ;-edge inner-shell calculation indicated the
lowest spin multiplicity of CoPPIX in aqueous solution, the
hydrated structure could not be determined, because the
spectral shape of the inner-shell spectrum calculated for CoP-
PIX with five-coordination geometry did not change from that
of the spectrum calculated for octahedral CoPPIX with a
hydrated water molecule."’

To investigate whether CoPPIX in an aqueous solution forms
a hydrated octahedral structure, we calculated the N K-edge
inner-shell spectrum of octahedral CoPPIX with an additionally
coordinated water molecule, as well as that of planar CoPPIX
without counter anion, as shown in Fig. 6. The spectrum
of octahedral CoPPIX shows only one C=N n* peak around
398.8 eV. This is different from the spectrum of CoPPIX with a
five-coordination geometry, which consists of two C=N =n*
peaks, as shown in Fig. 4. The d,._,» and d, orbitals are
degenerated in the octahedral CoPPIX, resulting in a single
C=N r* peak in the N K-edge inner-shell spectrum. Meanwhile,
the spectrum of planar CoPPIX shows the first C—=N n* peak
around 396.5 eV, which is too low compared to the experi-
mental one (398.731 eV), reflecting the low-lying d, orbital due
to the absence of the metal-ligand repulsion in the z-direction.

View Article Online
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The N K-edge XAS spectrum of CoPPIX in aqueous solution
shows two C=N n* peaks separated by 0.828 eV (Fig. 3),
proposing that the CoPPIX complex does not form an octahedral
structure and maintains its five-coordination geometry in aqueous
solution. Because both FePPIX and CoPPIX maintain a five-
coordination geometry in aqueous solution, the energy shift of
the C—=N n* peak of CoPPIX from that of FePPIX shows a same
tendency with the result of solid metallo-octaethylporphyrins.®®
Note that the spectral changes of N K-edge XAS would be con-
sidered regarding the ligand-field theory when the hydration
structures of metalloporphyrins are changed with different metal
ions in solution. From the electronic structural analyses of the
ligands employing N K-edge XAS, we have clarified the coordina-
tion structures of metalloporphyrins in aqueous solutions. This
method is generally effective because it analyzes the coordination
structures in solutions not at the central metal side but at the
ligand side in metal complexes.

Conclusions

The metal-ligand delocalization of FePPIX and CoPPIX in
aqueous solutions was investigated by electronic structural
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analyses of both the metal and ligand sides, employing XAS at
the metal L,;-edges and the N K-edges, respectively. In the
metal L;-edge XAS spectra, multiple peaks are observed owing
to ligand-field splitting of the metal 3d orbitals. The energy
difference between the multiple peaks in the L;-edge spectrum
of CoPPIX is larger than that of FePPIX. The N K-edge XAS
spectrum of PPIX consists of two C—=N n* peaks, which are
derived from the different types of C=N parts, whether the H
atoms connect or not. The N K-edge XAS spectra of FePPIX and
CoPPIX show two C=N n* peaks derived from delocalization of
the metal 3d orbitals to the ligand 2p orbitals. The first peak in
the N K-edge XAS spectrum of CoPPIX shows a higher energetic
position than that of FePPIX. The energy difference between the
multiple peaks in the CoPPIX spectrum is larger than that
of FePPIX, which is consistent with the results of the metal
L;-edge XAS spectra.

Nitrogen K-edge inner-shell calculations of the ligands qua-
litatively reproduced the energy shifts of the C=N n* peaks in
the spectra of PPIX, FePPIX, and CoPPIX. These energy shifts
can be explained by the ligand-field theory for metal complexes.
FePPIX has a 3d; electronic configuration with the highest spin
multiplicity, where all 3d orbitals are half-occupied.*® CoPPIX
has a 3dg electronic configuration with the lowest spin multi-
plicity, in which electron pairs occupy the d,, d,, and d,,
orbitals. The two C—=N n* peaks in the N K-edge XAS spectra of
the ligands are associated with the d,» and d,._,. orbitals. The
XAS peaks show higher-energy shifts with a decrease in the
induced polarization of the N 1s core hole when the number of
occupied electrons beneath the corresponding unoccupied
orbitals increased. This induced polarization effect explains
the higher energy shift of the C=N n* peak and the larger
energy difference between the multiple peaks in the spectrum
of CoPPIX compared to those of FePPIX.

Because the Co L,;-edge inner-shell spectrum of CoPPIX
with a five-coordination geometry does not differ from that of
octahedral CoPPIX with an additional coordinating water
molecule, the Co L, ;-edge XAS measurement does not deter-
mine the hydration structure of CoPPIX in aqueous solution.
Based on the number of C—=N n* peaks and the distance
between them in the calculated N K-edge inner-shell spectra
of CoPPIX, we have found that the CoPPIX complex does not
form an octahedral structure and maintains a five-coordination
geometry in aqueous solutions.

In this study, we have revealed that the metal-ligand delo-
calization of metal complexes at different central metals can be
observed from the C—=N n* peaks of the ligands, which reflect
the metal 3d electronic configurations in the N K-edge XAS
spectra. The coordination structures of the metal complexes in
solution are discussed based on the XAS spectra of the ligand
sides rather than those of the central metal sides. The present
analysis method is generally effective for investigating various
chemical and biochemical processes such as photosynthetic
reactions, biological redox reactions, and artificial photosyn-
thetic reactions, which most metal complexes in solution or
protein scaffolds involve. We have confirmed that N K-edge XAS
is a powerful technique that enables direct comparison of the
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electronic structures of metalloporphyrins with their coordina-
tion structures in solution or protein scaffolds without using
model complexes. Our developed system can obtain the true N
K-edge XAS spectra of metalloporphyrins in solution using a
transmission measurement. The transmission measurement
can be performed with low photon flux of soft X-rays, which
is suitable for macromolecules and biological samples with
avoiding radiation induced sample damages. We have con-
firmed that several mM ligands in aqueous solution can be
observed in both C and N K-edge XAS. Carbon K-edge XAS can
detect the C—=N n* peak of several mM ligands in organic
solvents that consist of single bonds such as tetrahydrofuran.
The liquid cell for XAS needs the small exchange amount less
than 1 mL with no limit to sample selection. It means that our
measurement system is applicable to precious samples of
metalloporphyrins which are difficult to synthesize in large
quantities. Recently, we have investigated the photoinduced
dynamics of Fe complexes in aqueous solution using time-
resolved N K-edge XAS of the ligands.*® We expect that these
developments pave the way for investigating the relaxation
processes in the photoreactions of metal complexes in solu-
tions by analyzing the electronic structures of ligands.
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