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1 Introduction
pu-Oxo-bridged iron phthalocyanine dimers are
functional metallophthalocyanines used in oxidation

catalysis, sensing, nonlinear optics, and electrocatalysis [1].

Their Fe-O-Fe cores may adopt bent or quasi-linear
structures, and their electronic and magnetic states are
sensitive to solvents, peripheral substituents, and axial
ligands. Although these compounds have been studied by
diffraction, magnetic, optical, Mdssbauer, and hard X-ray
techniques, the electronic structure of the bridging oxygen
has remained less directly characterized.

Soft X-ray absorption spectroscopy (XAS) provides
element-selective information because the region below 1
keV contains both the O K-edge and Fe L;3-edges [2].
However, p-oxo iron porphyrinoids had not previously
been examined by soft XAS. We therefore investigated the
soluble tert-butyl-substituted dimer (Fe™PcfBu4):0 and
compared it with monomeric ClIFePc/Bus and double-
bonded oxotitanium phthalocyanine (OTi'VPc). The aim
was to determine how the formally single Fe—O bonds of
the bridge are expressed in the O K-edge spectrum.

2 Experiment
(Fe"PcsBus):0 was prepared from Fe'PesBug using

aqueous NaOH and purified by gel permeation
chromatography; ClFe"Pc/Bus was obtained by acid
cleavage of the dimer. The products were characterized by
MALDI-TOF mass spectrometry, UV-visible
spectroscopy, and elemental analysis. Solid films were
prepared by drop-casting 40 uL of 10 mM CH>Cl,
solutions onto 100-nm SizN4 membranes and drying them
under vacuum.

Transmission-mode O K-edge and Fe L,3-edge XAS
spectra were recorded at KEK-PF BL-13A at room
temperature under helium [3]. The transmitted intensity
through each sample was normalized to that through a bare
Si3Ns membrane. A 400-nm-thick Ni filter suppressed
higher-order light, and the O K-edge energy was calibrated
with a polymer membrane. TD-DFT calculations were
carried out with ORCA 6.0.1; core-level excitations and
natural transition orbitals were used to identify the
acceptor-orbital character.

3 Results and Discussion

The Fe L;-edge maximum of (Fe™Pc¢fBus)20 (709.3
eV) was nearly identical to that of CIFe"PctBu4 (709.5
eV), and their L,-edge maxima were likewise comparable
(722.0 and 721.7 eV). These results indicate that both
complexes contain Fe(III) center(s).

At the O K-edge, CIFe"PcsBug showed no feature from
520 to 550 eV, whereas the p-oxo dimer displayed a sharp
peak at 529.1 eV. This energy is substantially lower than
the >534 eV region typical of single-bonded oxygen, and
is close to the 530.6 eV peak of OTi!'VPe¢, even though the
Fe-O bonds in the dimer formally have single-bond
character.
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Fig. 1: Fe L3-edge XAS spectra of (a) CIFe™PcBug and
(b) (Fe"PcrBus):0.

The comparison in Fig. 2 is notable because molecules
containing single-bonded oxygen, such as H>O, generally
absorb above 534 eV, whereas multiple-bonded oxygen
gives lower-energy features. Thus, a direct interpretation
based only on formal bond order would incorrectly suggest
double-bond character for the p-oxo bridge.

TD-DFT reproduced the experimental energy trends
without an empirical shift. For the high-spin,
antiferromagnetically coupled dimer, the first calculated
feature near 530 eV arose mainly from O 1s — n*(Fe 3dx,-
O py) and O 1s — w*(Fe 3d,,-O p,) excitations, with a
weaker 6*(Fe 3d,»-O p,) contribution. The corresponding
natural transition orbitals are concentrated along the Fe—
O-Fe axis. Removing the peripheral fert-butyl groups or
changing the Fe-O—Fe angle had little effect on the first
peak, confirming that the excitation is localized in the p-
0XO Uunit.

Calculations for coordinated H,O and OH species placed
their dominant O K-edge features at higher energies and
further supported the assignment. The unusually low
energy of the dimer peak is therefore governed by the
energies of metal-oxygen antibonding acceptor orbitals,
rather than by a simple single- versus double-bond
classification.
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Fig. 2: O K-edge XAS spectra of (a) (Fe'™PctBu4)20 and
(b) OTiVPe.

4 Conclusion

Transmission soft XAS directly detected the bridging
oxygen of a p-oxo iron phthalocyanine dimer. The 529.1
eV peak was assigned to transitions from O 1s into Fe-O
antibonding orbitals by TD-DFT. This combined
spectroscopic and computational approach provides an
element-specific description of the Fe—O-Fe core and
should be applicable to other p-oxo iron porphyrinoids,
including future measurements in solution.
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