Low quantum efficiency of p-oxo iron bisporphyrin
photoacatalysts explained with femtosecond M-edge XANES
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Bridged p-oxo iron bisporphyrins serve as photocatalysts for
oxidative organic transformations, but suffer from low quantum
efficiency. We use femtosecond optical and M;3-edge XANES
spectroscopy to investigate the early photodynamics of the p-oxo
iron Dbisporphyrin, (TPPFe),0, providing evidence for the
preferential formation of an TPPFe(lll)*/TPPFe(lll)-O ion pair state
instead of the desired TPPFe(ll)/TPPFe(IV)=0.

Iron porphyrins serve as powerful photocatalysts and active site
mimics of heme enzymes!2 Bridged p-oxo iron porphyrins have
been studied as potential atom-economical photocatalysts for
oxygen atom transfer (OAT) in organic reactions.1 However,
the quantum vyields (®, photons absorbed vs product formed)
for these systems are poor (<10%).% This low efficiency has led
to speculation about the excited state dynamics of these
complexes. Based on picosecond optical transient absorption
(OTA) of a simple bisporphyrin, M-0X0
bis[tetraphenylporphyrinato iron(lIl)] ((TPPFe),O, Figure 1A),
two main competing pathways have been proposed for the
photochemistry of these systems after ligand-to-metal charge
transfer (LMCT) excitation. In the first proposal (pathway A in
Figure 1B), one of the Fe-O bonds of the p-oxo bridge undergoes
a homolytic cleavage and separates into TPPFe(IV)=0 and a bare
TPPFe(ll).* The Fe(lV)-oxo subsequently reacts with a substrate
to give the desired oxidized product. The original catalyst can
then be reformed after the TPPFe(ll) subunits react with O,
allowing for efficient substrate oxidation using a readily
accessible O-atom source. If this pathway dominates the
excited-state dynamics, the low quantum yield is likely caused
by recombination of the TPPFe(ll)/TPPFe(IV)=0 subunits before
substrate binding. Alternatively, the LMCT state could primarily
disproportionate into a ligand-centred charge separated state
composed of catalytically inactive TPPFe(lll)* and TPPFe(lll)-O-
subunits (Figure 1B, Pathway B), with any small population of
Fe(IV)=0 species below the detection threshold of transient
absorption measurements.” In this work, we use femtosecond
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Figure 1 - (A) Structure of (TPPFe),0 (B) Proposed photocatalytic pathways in p-oxo iron
bisporphyrins.

transient Mj3-edge spectroscopy and optical transient
absorption to distinguish between these two pathways in the
bisporphyrin (TPPFe),0, and identify the cause of its low
quantum yield.

This dimer contains antiferromagnetically coupled high-spin
Fe(lll) porphyrins with a p-oxo bridge between the iron centres,
separated by a distance of about 5.2 A.82 Infrared, magnetic,
and X-ray crystallographic studies® have shown that the iron
centres in the stacked porphyrin have a structure akin to the
high-spin iron in the monoporphyrin Fe(llI)TPPCI. (TPPFe),0 has
been found to function as a photocatalyst for oxidation of
triphenylphosphinel® and cyclic alkenes® upon photoexcitation
between 325 and 400 nm. 467,11

To examine the early photodynamics of (TPPFe),O and
complement prior picosecond studies, femtosecond optical
transient absorption (OTA) spectroscopy was performed on a
degassed benzene solution of the stacked porphyrin at 400 nm
(see SI for experimental details). Several key features are
apparent in the transient spectra (Figure 2A): positive
absorption features from 620-750 nm, 575-600 nm, and 460-
525 nm, and bleach features from 600-620 nm, 525-575 nm,
and 460-440 nm. The strong bleach feature at 560 nm and
weaker bleach feature at 605 nm correspond to Q-band
bleaches. The positive features centred at 515 nm and between
620 nm and 750 nm represent the formation of an excited state
with new absorption features at these wavelengths. The bleach
at 450 nm appears within the Soret band after 1 ps and reaches
its maximum intensity by ~20 ps. The delayed formation of this
bleach suggests an initial excited state species that lacks
absorption in this region. Additionally, between 100 fs and 2 ps,
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Figure 2 — (A) Optical transient absorption spectra of (TPPFe),0 (benzene) at select
timepoints; grey trace is the static UV-Vis absorbance in benzene. (B) Spectral
components from global fit. Inset: Kinetic slice at 515 nm

the positive feature from 650 nm to 750 nm decays significantly
and the 560 nm Q-band bleach feature increases intensity. Over
the next 10-20 ps, absorption feature near 620 nm sharpens and
the other features become slightly more negative. This
spectrum then decays slowly over the next nanosecond, with
significant intensity remaining at the end of the 1 ns time
window. These long-lived features match well with prior OTA
studies of (TPPFe),0. 74

A global analysis of the transient spectra was performed
using the program Glotaran.12 A three-state A>B—>C sequential
model convolved with a Gaussian instrument response function
(IRF) of 129 fs was required to model the excited state spectra.
Spectra of each component are shown in Figure 2B, with an
inset showing a kinetic slice of the data and the fit at 515 nm.
Exponential lifetimes of 0.97 + 0.02ps, 8.2 + 0.3 ps, and 846 + 8
ps for states A, B, and C, respectively, were extracted from the
fit. The final lifetime is only approximate given the 1 ns time
window of the experiment. As shown in the S.I. (Figures S2
through S5, Table S1), these dynamics do not change
significantly upon excitation at 350 or 325 nm, or in other
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Figure 3 - Static M, ;-edge spectra of (TPPFe),0, FeTPPCI, and ligand field multiplet
simulation of a high-spin Dgy iron(Ill) centre.

solvents, suggesting that the excited states evolution is
relatively insensitive to the experimental conditions.

Based on our prior work with FeTPPCI,13 we assign State A
(not observed in earlier picosecond studies) as the LMCT excited
state. The spectra of States B and C are similar to each other,
but are markedly different from State A, featuring a bleach at
450 nm and lacking the broad absorption from 650-750 nm. We
therefore assign B and C as vibrationally hot and cold versions
of the same electronic state. This state was previously assigned
as either the ion pair or the Fe(ll)/Fe(IV) state, a disagreement
which we will resolve with transient XANES below.

To identify the short-lived electronic states of the Fe
centres, we performed ultrafast transient M,s-edge X-ray
absorption near-edge spectroscopy (XANES). M5 s-edge XANES
measures the 3p-to-3d transition of first-row metals, and it
provides comparable element, oxidation state, and ligand field
specificity to L- and K-edge XANES.1* This technique was used to
resolve the photophysics of several 3d metal systems,13.1516
including Fe(llI)TPPCI. The broadband XUV probe was generated
using high-harmonic generation (HHG) employing a tabletop
instrument described previously.’* For compatibility with the
ultrahigh vacuum of the XUV spectrometer, the bisporphyrin
was embedded in polystyrene film as a proxy for benzene
solution.l” As shown Figure S6 in the S.1., the kinetics are nearly
identical between solution and film.

The ground state XANES spectrum of (TPPFe),0 is shown in
Figure 3. The bisporphyrin has a main peak centred at 57.4 eV
and is an excellent match to the spectrum of Fe(lll)TPPCI,
supporting the assignment of each porphyrin as high-spin
Fe(lll). A ligand field multiplet simulation of high-spin square
pyramidal Fe(lll) is also shown, accurately predicts the single
main peak and small pre-peaks from 54-56 eV. Transient M3 3-
edge XANES was performed after 400 nm excitation, with an
estimated excitation fraction of 8% per monomer. Figure 4A
contains the spectral slices (pump-on minus pump-off)
from -0.27 ps (before time zero) to 9.0 ps. Time zero is
independently measured by performing transient absorption of
a-Fe,0s3. Upon excitation, a bleach feature centred at 57.4 eV
appears along with a positive feature centred at 55.0 eV. By 2
ps, these features decay to a weak positive signal at 56.0 eV. A
global fit to an A->B model (with B having an infinite lifetime on
the timescale of this experiment) highlights these spectral
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Figure 4 - Transient M, ;-edge XANES of (TPPFe),0 with 400 nm excitation: (A) Spectral slices at select time points. (B) Comparison the first spectral component with simulated
Fe(Il)/Fe(IV) and Fe(Il)/Fe(lll) spectra given an 8% excitation fraction.. (c) Kinetic traces at the 55.0 eV excited state absorption and 57.4 eV bleach, with global fit traces.

components, as shown in Figure 4B. Kinetic traces at 55.0 and
57.4 eV are shown in Figure 4C. Component A rises with an
instrument response function (IRF) of 146 + 5 fs FWHM and
decays with an exponential time constant of 638 + 14 fs. This
IRF is slightly longer than the 90 fs response measured using a-
Fe,0s. Such a delayed rise was also observed in Fe(lll)TPPCl and
is caused by partial m-t* character in the initial excited state,
which relaxes in tens of fs to a fully LMCT state. The 638 fs decay
of XUV state A is a reasonably good match to the 1 ps decay of
OTA state A.

In order to assign the transient XANES spectrum, ligand field
multiplet simulations!418.19 were performed for the potential
Fe(ll)/Fe(lll) [LMCT] and Fe(ll)/Fe(IV)=0 states. Note that in the
TPPFe(lll)*/TPPFe(lll)-O- [ion pair] state, the irons’ electronic
structure has not changed significantly from the ground state,
so minimal transient signal is expected in the metal-specific
XANES probe. These simulations are shown in Figure 4B and are
scaled to the 8% excitation fraction. The LMCT state is predicted
to have a ground state bleach at 57.4 eV caused by loss of Fe(lll)
and excited state absorptions at 53 and 55 eV caused by the
formation of Fe(ll). This simulation is a nearly quantitative
match to the experimental spectrum of component A, both in
magnitude and shape. The Fe(ll)/Fe(IV)=0 state is calculated to
have a ground-state bleach at 57.4 eV about twice as large as
that of the LMCT state because two Fe(lll) signals are lost. The
Fe(ll) ion leads to positive absorption features at 53, 55 and the
Fe(IV) causes a broad positive feature at 63 eV. The latter two
peaks are not observed in the experimental spectrum,
indicating that no Fe(lV) is formed with the signal-to-noise of
the experiment. This weak positive signal in the long-lived state
is consistent with ligand-centred excitation (either electronic or
vibrational) that minimally perturbs the metal’s d-orbital
manifold.13

By combining the OTA and XTA results, a consistent picture
emerges of the bisporphyrin excited state dynamics, which is
summarized in Figure 5. Photoexcitation of the mixed m-
1*/LMCT band at 400 nm is followed by rapid relaxation into
the Fe(l1)/Fe(lll) LMCT state (as shown by the delayed rise of the
Fe(ll) signal in XTA). This state decays to the
TPPFe(lll)*/TPPFe(lll)-O ion pair in ~1 ps, as shown by the loss
of the Fe(ll) signal in XTA and the change in shape of the OTA
spectrum. After vibrational cooling, the ion pair state lasts for

LMCT —— __~1ps TPPFe(lll)*/
% TPPFe(lll)-O

hv

~1ns

GS

Figure 5 - Proposed dominant photodynamics for (TPPFe),0
approximately a nanosecond before recombining to the
(TPPFe),0 ground state.

Overall, this picture shows that upon photoexcitation, the
stacked porphyrin predominantly follows Pathway B in Figure
1A and not Pathway A. While the catalytic activity of p-oxo iron
bisporphyrins suggests that the TPPFe(ll)/TPPFe(IV)=0 state is
formed in at least small amounts,*20 the relative population
compared to the ion pair state is low enough that it does not
appear by the current experimental conditions. The
disfavouring of the Fe(lV)-oxo state explains the low quantum
yield of product formation but suggests a rational strategy for
improving this yield. Synthetic modifications that favour the
TPPFe(ll)/TPPFe(IV)=0 state, for example by destabilizing the
ligand-centred ion pair, may shift the excited-state branching
toward the catalytically active state and improve the overall
quantum yield of these photocatalysts.
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