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a b s t r a c t

The photoexcited triplet state of octaethylaluminum(III)-porphyrin (AlOEP) was investigated by time-
resolved Electron Paramagnetic Resonance, Electron Nuclear Double Resonance and Electron Spin Echo
Envelope Modulation in an organic glass at 10 and 80 K. This main group element porphyrin is unusual
because the metal has a small ionic radius and is six-coordinate with axial covalent and coordination
bonds. It is not known whether triplet state dynamics influence its magnetic resonance properties as
has been observed for some transition metal porphyrins. Together with density functional theory mod-
elling, the magnetic resonance data of AlOEP allow the temperature dependence of the zero-field split-
ting (ZFS) parameters, D and E, and the proton AZZ hyperfine coupling (hfc) tensor components of the
methine protons, in the zero-field splitting frame to be determined. The results provide evidence that
the ZFS, hfc and spin–lattice relaxation are indeed influenced by the presence of a dynamic process that
is discussed in terms of Jahn-Teller dynamic effects. Thus, these effects should be taken into account
when interpreting EPR data from larger complexes containing AlOEP.

� 2023 Published by Elsevier Inc.
1. Introduction

Porphyrin derivatives are among the most versatile molecules
in nature. Examples are the chlorophylls, employed in photosyn-
thesis for solar energy conversion, and the hemes, used in respira-
tion for oxygen transport and as electron carriers in oxidation and
reduction catalytic reactions. In addition to their biological signif-
icance, porphyrin derivatives are also used extensively for a variety
of applications such as artificial photosynthesis [1–3], dye-
sensitized solar cells [4,5], molecular electronics and photonics
[6,7], molecular catalysis [8,9] and photodynamic therapy [10].
The versatility of the porphyrins arises from the extended
p-conjugation of the tetrapyrrole ring, its ability to bind a wide
variety of substituents on its periphery and various elements in
its center. The p-conjugation makes the porphyrins ideal for
photochemical applications because it results in strong absorption
of visible light and comparatively long excited singlet state life-
times. Substituents on the periphery can be used to shift the
absorption wavelengths and control the solubility properties. The
element bound at the center of the tetrapyrrole ring can act as a
catalytic site and influences the oxidation and reduction potentials
of the conjugated p-system. Insertion of an Al(III) ion, for example,
gives the porphyrin properties that make it a good redox active
photosensitizer in supramolecular systems for artificial photosyn-
thesis [1]. Such complexes can be constructed by attaching elec-
tron donors, acceptors and/or chromophores on opposite faces of
the porphyrin ring via a covalent ester or ether linkage on one face
and a Lewis acid-base coordination bond on the opposite face. The
axial covalent bonding can also be used to form co-facial porphyrin
dimers that mimic the special pair chlorophyll dimers found in
natural photosynthesis [11].

Recently, we studied the excited state properties of one such
dimer in which Al(III) octaethylporphyrin (AlOEP, Fig. 1) was
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Fig. 1. Top left: chemical structure of AlOEP, where the two sets of equivalent methine protons are indicated. Top right: schematic representation of the Time-Resolved EPR
(TREPR) experiment, including the use of linearly polarized light for magnetophotoselection. Bottom: pulse sequences of the experiments performed in this work: 3-pulse
Electron Spin Echo Envelope Modulation (3p-ESEEM), Davies Electron Nuclear DOuble Resonance (ENDOR), Echo-Detected Time Resolved EPR (ED-TREPR) and Inversion
Recovery.
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linked to a phosphorus porphyrin [12]. The Time-Resolved Electron
Paramagneti Resonance (TREPR) spectra of this complex showed
interesting solvent dependent changes in the zero-field splitting
(ZFS), which we ascribed to changes in the charge-transfer charac-
ter of its delocalized triplet state. For such investigations, informa-
tion on the behaviour of the triplet state of the corresponding
porphyrin monomers can be invaluable to help distinguish
between local dynamic effects within the monomers versus delo-
calization effects in larger multi-porphyrin complexes. The EPR
characterization can be particularly useful in understanding the
behaviour of the triplet state, but the data on main group por-
phyrins such as AlOEP is sparse. Thus, we have undertaken a
detailed study of the magnetic properties of AlOEP using several
time-resolved and pulsed electron paramagnetic resonance (EPR)
methods.

TREPR, Electron-Spin Echo (ESE) techniques and pulsed Electron
Nuclear DOuble Resonance (ENDOR), when coupled with photoex-
citation, are ideally suited for investigating the electronic structure
and dynamics of chromophores in their triplet state [13–17].

From the spin-polarized triplet state TREPR spectra it is possible
to extract information about the zero-field splitting (ZFS) tensor
and the triplet-sublevel dependence of the intersystem crossing
rates. The ZFS parameters D and E are sensitive indicators of the
spatial extension and symmetry of the excited triplet state, and
the spin polarization properties are a fingerprint for the mecha-
nism of its formation [15]. The time-evolution of the TREPR spec-
trum and specific ESE pulse sequences, i.e., inversion recovery
and echo-detected TREPR (ED-TREPR), can also be used to obtain
information on spin dynamics and kinetic properties of the triplet
spin sublevels [18,19].
2

Photoselective TREPR is an excellent method for quantitative
determination of the relative orientation of the triplet-state ZFS
axes and the optical absorption transition dipole moments
[20–22]. It also allows these axes to be fixed in the molecule if the
orientation of one of them is known or can be determined in silico.

Additional and more specific information about the unpaired
electron spin distribution is obtained from the interaction of the
triplet state with magnetic nuclei of the molecule, i.e. the
electron-nuclear hyperfine couplings (hfcs). The isotropic hfc (aiso)
reflects the unpaired electron spin density at the respective
nucleus and the anisotropy of the hyperfine tensor (T) is deter-
mined by the dipolar coupling between the electron and nuclear
magnetic moments and hence it depends on the molecular geom-
etry in the vicinity of the nucleus. However, the splitting of the EPR
transitions due to the hfcs is not usually resolved in triplet-state
EPR powder spectra. Thus, to determine the hfcs more advanced
methods like ENDOR and Electron Spin Echo Envelope Modulation
(ESEEM) experiments are required [23–27]. If the hfcs of several
nuclei in different parts of the cofactor(s) can be determined and
assigned to specific nuclei, the spin density distribution of the tri-
plet state in the molecule is revealed. Pulse ENDOR and ESEEM
combined with pulsed laser excitation at low temperatures are
well suited for this purpose, since these hyperfine spectroscopies
can take full advantage of the large electron spin polarization of
the chromophore in the triplet state [28,29] compared to continu-
ous light excitation and continuos wave-ENDOR methods.

The core of a metalloporphyrin is a tetrapyrrole ring with D4h

symmetry. Its lowest excited triplet state is doubly degenerate
with 3Eu symmetry [30,31] and hence, its ZFS tensor is axially sym-
metric and the four methine protons at the meso positions are
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magnetically equivalent (see Fig. 1). However, static distortions
and vibronic coupling can break the symmetry and lift the degen-
eracy of the triplet states. This results in a loss of the axial symme-
try of the ZFS tensor and inequivalence of these protons. If the
energy difference between the two lowest triplet states is small
enough to allow thermally induced transitions between them,
averaging of the magnetic interactions in the two states occurs. If
the rate of the transitions is higher than the frequency difference
between interactions in the two states, the ZFS becomes axially
symmetric and the hyperfine coupling to the four methine protons
is the same. If transition rate is slower than the frequency differ-
ence, the ZFS tensor remains rhombic, and the four protons are
not equivalent. This effect is known as the dynamic Jahn-Teller
effect [32–35] and leads to changes in the rhombicity of the ZFS
tensor and the hyperfine couplings as a function of temperature.
The size of this effect depends on subtle details of the porphyrin
structure and is difficult to predict a priori.

Here, we employ a range of light-induced EPR techniques to
investigate in detail the triplet state of AlOEP. We show that the
ZFS tensor obtained from the TREPR spectra becomes increasingly
axial with increasing temperature as has been observed previously
for Mg and Zn porphyrins [36,37], and has been interpreted as due
to a dynamic Jahn-Teller effect. ENDOR and ESEEM measurements
reveal that the hyperfine couplings to the methine protons are also
strongly temperature dependent as expected from the proposed
dynamic Jahn-Teller effect. However, in contrast to the Mg and Zn
porphyrins, thepresenceof axial ligands inAlOEPplaysan important
role in the orientation dependence of the spin–lattice relaxation and
temperature dependence of the hyperfine couplings.
Fig. 2. (a) Top and side view of the orientation of the ZFS tensor principal axes (x = red
(MeTHF), obtained from Density Functional Theory (DFT) calculations. Experimental (bl
glassy 3:1 mixture of MeTHF:DCM, recorded at 80 K. (b) and at 10 K (c). Simulation para
figure legend, the reader is referred to the web version of this article.)
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2. Results

2.1. TREPR and pulse EPR: ZFS parameters, spin polarization and spin–
lattice relaxation

In this section we present X-band TREPR results for the triplet
state of AlOEP in a glass-forming solvent at T = 10 K and 80 K. From
the spin polarization patterns and magnetophotoselection data,
the ZFS parameters and the orientation of the principal axes of
the ZFS tensor with respect to the optical transition dipole
moments have been obtained at the two temperatures. The spec-
tral dependence of the spin polarization decay gives insight into
the orientation dependence of the spin–lattice relaxation.

Fig. 2 shows a comparison between the X-band TREPR spectra
of AlOEP in the glass phase of a 3:1 mixture of 2-
methyltetrahydrofuran: dichloromethane (MeTHF:DCM) at 10
and 80 K. The spectra are extracted from the 2D data sets in a time
window around the maximum of the EPR signal and are the
weighted sum Ik þ 2I?

� �
of spectra taken with the polarization of

the excitation beam parallel ðIkÞ and perpendicular ðI?Þ to the mag-
netic field to remove any photoselection effects. Simulations of the
triplet spectra are shown in Fig. 2 (dashed spectra) and the param-
eters obtained from them are presented in Table 1. The simulations
do not yield the signs of D and E directly but only the absolute
value and therefore we report only the absolute values. However,
both parameters been taken as positive based on self-consistent
field theory (CASSCF) calculations and on the ENDOR data that will
be discussed below. With this sign choice, the relative population
rates px and py are equal and larger than pz, as previously reported
, Y = green, Z = blue) in the AlOEP molecular frame, including a solvent molecule
ack, solid) and simulated (blue, dashed) triplet state TREPR spectrum of AlOEP in a
meters are reported in Table 1. (For interpretation of the references to colour in this



Table 1
ZFS parameters D (±8 MHz) and E (±5 MHz), relative triplet sublevel populations* (±0.05), and spin–lattice relaxation time constant (±1 ls at 10 K and ±0.2 ls at 80 K) derived
from simulation of the TREPR spectra at 80 K and 10 K. For the decay constants, see text.

px:py:pz |D| (MHz) |E| (MHz) T1x (ls) T1y (ls) T1z (ls)

10 K 0.43: 0.42: 0.15 1092 100 17 17 14
80 K 0.42: 0.39: 0.19 1105 61 0.8 0.8 0.6

*The population ratios correspond to D, E > 0 as predicted by CASSSCF-NEVPT computations [12] and confirmed by the ENDOR data presented below.
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[12]. It is apparent from the spectra in Fig. 2 and the parameters in
Table 1 that the relative population rates, and hence the polariza-
tion patterns, are essentially the same at 10 and 80 K. Similarly, the
total width of the spectrum, which is determined by the ZFS
parameter D, is not strongly affected by the temperature and is
only �1% larger at 80 K. In contrast, the value of E obtained from
the simulations is reduced by �40% at 80 K compared to 10 K,
although the ZFS tensor remains orthorhombic. In the literature a
decrease in |E| with increasing temperature, observed in related
porphyrins, has been ascribed to dynamic Jahn-Teller averaging
[33]. We note that for the X+/Y+ transitions the experimental signal
is always slightly less intense than the simulation for all recorded
spectra while the X–/Y– intensity is reproduced. This indicates that
absorptive X+/Y+ transitions are weaker than the emissive X–/Y– for
these orientations and hence, the spin system displays weak net
emissive polarization. We have shown previously that such net
polarization can be generated by back-and-forth transitions
between two triplet states with ZFS axes related to one another
by a rotation about the z-axis [38,39]. Such a situation can occur
in porphyrins if the degeneracy of the lowest triplet state is lifted
slightly due to the Jahn-Teller effect and thermally activated tran-
sitions between the two states can take place.

To further characterize the triplet state ZFS tensor, we carried
out magnetophotoselection experiments. Fig. 3 shows the TREPR
spectra of AlOEP in the glass phase of a 3:1 mixture of MeTHF:
DCM at 80 K with the plane of the laser polarization parallel (red
spectrum) and perpendicular (blue spectrum) to the magnetic
field. The transitions at 544 nm (Fig. 3b) and at 576 nm (Fig. 3c),
corresponding to the two Q-bands of the electronic absorption
spectrum, were used for excitation. Since the experimental setup
assured the same excitation conditions for the two polarization
orientations, the spectra are displayed without renormalization
and show an evident magnetophotoselection effect, with enhanced
X and Y triplet transitions with the parallel orientation and
enhanced Z transitions with the perpendicular orientation. Neither
the magnetophotoselection effect nor the ZFS parameters show
any significant wavelength dependence. Simulations of the spectra
Fig. 3. Magnetophotoselection and wavelength dependence of the triplet state TREPR
temperature. (b) Experimental (solid) and simulation (dashed) triplet state TREPR spe
photoexcitation at 544 nm with light linearly polarized parallel (red) and perpendicu
photoexcitation at 576 nm. All other parameters are the same as for panel b). Simulation
this figure legend, the reader is referred to the web version of this article.)
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were carried out using the parameters given in Table 1 and include
the relative orientation of the ZFS axis system and the electric tran-
sition dipole moments as variable parameters. The simulations
show that the transition dipole moment(s) and the X and Y princi-
pal axes of the ZFS tensor lie in the same plane. Complete active
space CASSCF calculations predict that the Qx and Qy optical transi-
tions are degenerate [12], suggesting that the two Q-bands
observed in the spectrum are part of a vibrational progression
[40]. This means that the Qx and Qy transitions cannot be excited
separately, and hence it is only possible to determine that the X
and Y principal axes of the ZFS tensor lie in the same plane as
the Qx and Qy transitions but not their orientations within the xy
plane. The calculations also predict that the two transition dipole
moments are orthogonal to one another and lie in the porphyrin
plane as do the X and Y axes of the calculated ZFS tensor, in agree-
ment with the magnetophotoselection result.

Triplet state kinetics, including dynamic and relaxation pro-
cesses, can be investigated by analysis of the time evolution of
the spin polarization. The time dependence of the TREPR signals
represents the motion of the magnetization in the rotating frame
and depends on spin-relaxation, precession of the magnetization
about the effective field and decay of the excited triplet state. In
the limit of low microwave power and for a long-lived triplet state
with T1 � T2, the decay of the polarization determined by the
TREPR experiments is dominated by T1 [41]. Alternatively, ED-
TREPR and inversion recovery pulse experiments can be carried
out to estimate the spin–lattice relaxation time.

Before collecting a full time/field dataset for kinetic analysis, we
measured several transients at field positions corresponding to the
ZFS canonical orientations to check for possible distortion due to
response time limitations of the cavity. When these transients
were fit as a sum of simple exponentials, the lifetime of one of
the components was close to the response time of the critically-
coupled cavity. Therefore, we decided to reduce the response time
of the cavity by over-coupling it to reduce its Q-factor. To deter-
mine what Q-factor gave an undistorted signal, we used the
ED-TREPR signal as a reference. The ED-TREPR method (Fig. 1) is
spectra of AlOEP. (a) UV/VIS absorption spectrum for AlOEP in DCM at room
ctrum of AlOEP in a glassy 3:1 mixture of MeTHF:DCM, recorded at 80 K, after
lar (blue) to the magnetic field. (c) Corresponding TREPR spectra of AlOEP after
parameters are reported in Table 1. (For interpretation of the references to colour in
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characterized by excellent time resolution at the cost of lower
signal intensity and long acquisition time. At several field points
corresponding to the principal orientations ZFS tensor we con-
firmed that the TREPR transients collected with the cavity over-
coupled were undistorted with respect to the corresponding
Fig. 4. (a) Experimental (left) and simulated (right) contour plots of the 2D TREPR data fo
The corresponding 2D TREPR data at 10 K is reported in Fig. S1. (b) Variation of the T
maximum of the signal (0, 1, 15 ls) and corresponding simulation (light red and blue, res
over-coupled resonator, recorded at the canonical ZFS turning points (indicated by t
parameters are reported in Table 1. (For interpretation of the references to colour in thi
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ED-TREPR transients (see Figs. S1 and S2). We then collected a full
time/field dataset for analysis.

The dataset and its simulation are summarized in Fig. 4. In
Fig. 4a, the calculated full time/field TREPR dataset is compared
with the experimental dataset at 80 K. Fig. 4b shows the triplet
r the triplet state of AlOEP in a glassy 3:1 mixture of MeTHF:DCM, recorded at 80 K.
REPR spectra at 10 K (dark red) and 80 K (dark blue) at different delays from the
pectively). (c) Time evolution of the TREPR signal at 10 K and 80 K measured with an
he arrows) and the corresponding simulations, colour code as in (b). Simulation
s figure legend, the reader is referred to the web version of this article.).
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powder spectra at selected time delays after flash (DAF) with the
corresponding simulations. Time traces at selected field positions
indicated by the red arrows in Fig. 4b are shown in Fig. 4c. To better
facilitate comparison of the evolution of the dataset at 10 K and
80 K, data at the two temperatures are shown together in Fig. 4b
and c. The simulations at 80 K are shown in dark blue and those
at 10 K are in red. As can be seen in Fig. 4b, at 80 K (dark blue),
the early detected spectrum with polarization eee/aaa (e: emissive,
a: absorptive) for the three feature pairs evolves to a purely
absorptive spectrum at 15 ls, with a lineshape close to that
expected for a Boltzmann population distribution. In contrast, at
10 K, the shape of the spectrum remains almost unchanged also
after 15 ls.

The simulation of the time evolution of the intensity was
obtained considering the time variation of the population by solv-
ing the master equation [42,43], in which both the spin–lattice
relaxation time T1, and the decay to the ground state were consid-
ered as described in the Materials and Methods section (Eq. (2)). In
this treatment the time dependence of the signal is assumed to
arise only from the time dependence of the populations of the sta-
tionary states of the Hamiltonian. The microwave field is not
explicitly included, and precession of the magnetization is ignored.
Such a treatment is valid for slowly decaying signals measured
with low microwave power. In this case, the off-resonant and
coherent contributions that decay within a few tens of ns are not
resolved and only exponential decay of the signal by T1 relaxation
and/or decay to the ground state is observed. To ensure that these
conditions were met, we compared T1 values obtained by model
fitting with the values obtained from the ED-TREPR and ESE
inversion-recovery experiments at the canonical transitions (see
Fig. S2) and found that they are in good agreement. The kinetic
parameters derived from the simulations of full time/field TREPR
dataset are reported in Table 1. The slowest component of the sig-
nal decay is found to be on the order of a few hundreds of ls, as
evaluated for example from the ED-TREPR traces and is similar to
the room temperature lifetime of the AlOEP triplet state (86 ls)
[11]. The faster components observed in the time window of the
TREPR experiments (20 ls) can therefore be ascribed to T1
relaxation and can be used to discuss dynamical effects on the
molecule.

The strong temperature dependence of the T1 relaxation is
expected since modulation of the highly anisotropic ZFS by either
molecular and/or electronic motion provides an effective T1 relax-
ation mechanism that can account for the experimental observa-
tions. It has been shown that if a second low-lying triplet state is
thermally accessible and has ZFS axes that are rotated with respect
to the lowest excited triplet state, temperature dependent spin–
lattice relaxation caused by the modulation of the ZFS is observed
[44]. Since we observe temperature dependent changes in the ZFS
parameters (Table 1) and the lowest triplet state of AlOEP is
(nearly) degenerate, the change in the relaxation rate is likely
due to modulation of the ZFS as would be expected from the
dynamic Jahn-Teller effect.

2.2. ENDOR and ESEEM: Hyperfine structure

Experimental studies of the spin-polarized triplet state of
AlOEP by TREPR are complemented by pulse ENDOR and ESEEM
measurements to provide more detailed information about the
unpaired electron spin distribution at specific positions of the
macrocycle. The bridging methine protons at the four meso posi-
tions are characterized by large negative spin densities and can
serve as sensitive probes.

The significant anisotropy of the triplet state ZFS tensor, in com-
parison to that of the hfcs, allows orientation-selective hyperfine
spectroscopy to be performed and provides the orientation of the
6

hfc tensor components (Aii) relative to the ZFS tensor axes, which
include the Fermi-contact aiso and the dipolar interaction compo-
nent Tii (Aii = aiso + Tii). Excitation is performed at the turning points
of the triplet spectrum where the external field is mainly parallel
to one of the ZFS canonical axes. In addition, in contrast to doublet
states, the ENDOR spectra of triplet states allow direct determina-
tion of the signs of the hfcs (see Fig. 5) if the sign of the ZFS param-
eter D is known. Analogous considerations apply to ESEEM, as the
periodic modulation of the local field experienced by the electron
spin provides information about the hyperfine frequencies if the
hyperfine principal axes deviate from the ZFS tensor axes.

Fig. 5a shows the splitting of the spin energy levels of the triplet
state at high field (B0) for the three canonical orientations X, Y, and
Z. In the diagram, the ZFS D parameter has been chosen to be pos-
itive, as expected for p-p⁄ triplet states of porphyrin derivatives
[15] and confirmed by magnetophotoselection experiments and
published CASSCF calculations for AlOEP [12]. In Fig. 5b the spin
energy levels are shown for the hyperfine interaction of the triplet
spin (S = 1) with one proton spin (I = ½) in the high-field limit. As
an example, we consider the triplet spin energy levels for the Z
canonical orientation, which include the first-order hyperfine
interaction AZZ in the ZFS frame. A small interaction is assumed
(A/2 < mH). In the ENDOR spectrum, a strong and narrow line is
expected at the Larmor frequency, mH, arising from the MS = 0 man-
ifold, and a further ENDOR transition occurs either at higher or
lower frequency depending on the sign of the hyperfine interaction
tensor element.

The two ENDOR resonance frequencies according to the triplet
ENDOR resonance condition [13] are:

mENDOR ¼ mH � MsAZZj j ð1Þ
For the Z+ transition of a triplet state with D > 0, the ENDOR

lines from the Ms = +1 manifold occur on the low (if AZZ > 0) or high
(if AZZ < 0) frequency side with respect to the Larmor frequency of
the proton, mH. The opposite situation is encountered for the
Z� transition, where the lines correspond to the Ms = � 1 manifold.

ENDOR experiments of porphyrin triplet states performed with
the magnetic field positioned at Z+ or Z� in the EPR spectrum are
selective for molecules oriented with their molecular (p) plane
perpendicular to B0, leading to a strong orientational selection
and single crystal-like ENDOR spectra [45]. For methine protons,
which are located in the plane of the p-system (see Fig. 1), the
hfc tensor component along the Z ZFS axis (AZZ) corresponds to a
very good approximation to the corresponding principal compo-
nent of the hfc tensor [46], see Fig. S4.

The Q-band 1H Davies ENDOR spectrum of the triplet state of
AlOEP in the glass phase of a 3:1 mixture of MeTHF:DCM, recorded
at the Z� canonical field position (T = 10 K), is shown in Fig. 6a. In
the corresponding inset, the echo-detected spectrum is reported to
highlight the working field position. The ENDOR spectrum is plot-
ted versus m–mH so that the proton Larmor frequency peak appears
at zero. The ENDOR peaks corresponding to negative hyperfine
components, as expected for the AZZ components of the methine
protons as they are a-protons, occur at lower frequencies with
respect to the Larmor frequency for this specific EPR transition.
Indeed, two broad ENDOR lines, which can be assigned to two dis-
tinct sets of methine protons based on the sign of the hfc, are pre-
sent in the low-frequency region of the spectrum, as highlighted in
the deconvolution of the spectrum. The corresponding hfcs are
reported in Table 2.

The assignment is further corroborated by DFT calculations
using the PBE-D3 functional and the def2-TZVP basis set. The ori-
entation of the ZFS principal axes in the molecular frame from pre-
viously published CASSCF calculations [12] was used with the
hyperfine tensor from the DFT calculations to obtain the values
AZZ given in Table 2. The calculations were repeated for several



Fig. 5. (a) Energy diagram of the triplet spin sublevels as a function of the magnetic field b0, for D > 0 and E > 0, with the field vector parallel to each of the principal axes of the
ZFS tensor. The arrows indicate the two allowed canonical EPR transitions according to the selection rule DMS = ±1. (b) Energy scheme of a triplet state coupled to a single
proton 1H (I = ½) for B0 parallel to the Z ZFS axis and positive and a negative hyperfine coupling constant AZZ. The red arrows indicate the EPR transition for mI = �½; those for
mI = +½ are omitted. The dark grey arrows (dashed) indicate the ENDOR transitions. Note that the electron spin and ZFS energies are not to scale. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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different conformers of the ethyl substituents but no significant
effects were observed for the hfcs of the methine or ethyl protons
(see Table S1). The corresponding ENDOR lines of the latter appear
as a weak shoulder on the free proton line. The calculated values of
AZZ, reported in Table 2, refer to two distinct cases: a six-coordinate
geometry of Al(III), involving both the covalently bound hydroxyl
group and a coordinated solvent molecule (MeTHF) or five-
coordinate geometry involving only the hydroxyl group. The opti-
mized structures in the triplet state with and without solvent coor-
dination are shown in Fig. S4 in the Supporting Information.
Calculations confirm the inequivalence of the methine protons
and show that their hfcs strongly depend on the solvent coordina-
tion of Al(III). Better agreement between the calculated and exper-
imental hfcs at 10 K is obtained when a coordinated solvent
molecule is included in the DFT calculation.

In the ENDOR experiments measured with the field set to the
positions of the X and Y canonical transitions, a variety of orienta-
tions with respect to the magnetic field are excited, which broad-
ens the lines and complicates the corresponding spectrum. In
Fig. S5 of the Supporting Information, the Q-band 1H Davies ENDOR
7

spectra, recorded for AlOEP in the triplet state at the Y+ canonical
field position, are reported and the broad AYY contributions of the
methine protons are simulated, showing a satisfactory agreement
with DFT calculations.

ENDOR experiments at higher temperatures were precluded by
short relaxation times, therefore X-band 3p-ESEEM experiments
were performed at 80 K in the glass phase of a of a 3:1 mixture
of MeTHF:DCM to investigate the temperature dependence of the
hfcs. The 3p-ESEEM frequency spectrum and the simulation at
the Z+ canonical field position are shown in Fig. 6b. In the corre-
sponding inset, the echo-detected spectrum is reported in order
to highlight the working field position. The ESEEM spectrum is
plotted versus m–mH so that the proton Larmor frequency peak
appears at zero. In addition to this peak, the spectrum in Fig. 6b
shows proton hyperfine peaks around 5 MHz and strong 14N peaks
around –10 MHz. The 14N region is dominated by the double-
quantum frequency of the Ms = 0 manifold, as shown previously
for Zn porphyrins [47,48]. As in the ENDOR experiments, the posi-
tion of the proton hyperfine peaks relative to the free proton line
depends on the sign of the hyperfine coupling and the value of



Fig. 6. (a) Triplet state Davies ENDOR spectrum of AlOEP in a glassy 3:1 mixture of MeTHF:DCM (black), recorded at 10 K and at Q-band; the overall best fit (blue) and the
relative Gaussian deconvolution (light blue) are also shown. The resonance field corresponds to the Z� ZFS canonical transition, as indicated by the arrow in the field-swept
ESE spectrum shown in the inset. (b) Triplet state 3p-ESEEM frequency spectrum of AlOEP in a glassy 3:1 mixture of MeTHF:DCM (black), recorded at 80 K and at X-band; the
simulation is shown in blue. The resonance field corresponds to the Z+ ZFS canonical transition as indicated by the arrow in the field-swept ESE spectrum shown in the inset.
The hyperfine parameters are reported in Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
AZZ in MHz for the methine protons of AlOEP in the triplet state, obtained from
ENDOR experiments at 10 K (±0.5 MHz), 3p-ESEEM experiments at 80 K (±0.2 MHz)
and DFT calculations.

AZZ(MHz) Solvent Methine Methine*

ENDOR MeTHF/DCM 3:1 �9.2 �6.7
3p-ESEEM MeTHF/DCM 3:1 �5.9 �4.3
DFT MeTHF �8.54 �6.91

No solvent �5.70 �5.15

* The methine protons are indicated in Fig. 1.
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MS. For the ESEEM experiment shown in Fig. 6b, the low field
canonical transition was selected since the 14N and the negative
1H hfcs will appear on opposite sides of the proton Larmor fre-
quency line and can, therefore, be easily distinguished. The peaks
near 5 MHz can be assigned to the methine protons, since they
are the only ones with significant negative 1H hfcs in AlOEP. As
can be seen in Fig. 6b, the peak near 5 MHz is broad and shows
some structure suggesting that the methine protons are probably
not equivalent. In the fitted spectrum, it has been modelled as
two sets of protons, but the two peaks are not clearly resolved in
the spectrum. As can be seen in Table 2, the methine proton hfc’s
obtained from the 80 K ESEEM experiment are significantly smaller
than those at 10 K. Comparison with the hfcs from DFT calculations
suggests that this may be the result of weaker coordination of the
solvent at 80 K.
3. Discussion and conclusions

To a first approximation, the electronic structure of metallopor-
phyrins such as AlOEP can be modelled as a porphine ring with D4h

symmetry (Fig. 7). Using this model, the lowest triplet state of por-
phyrins with substituents in the b-pyrrolic positions is described as
an a1u (p) ? eg(p*) excitation and is doubly degenerate with 3Eu
symmetry [30,31]. However, this degeneracy may be lifted by
Jahn-Teller distortion of the plane of the molecule and/or asymme-
try of the environment. As shown in Fig. 7, an in-plane distortion,
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which changes the ring symmetry from D4h to D2h, lifts the degen-
eracy of the 3Eu state generating 3B2u and 3B3u states. The values of
E are equal and opposite in these two states, while D is the same.
Depending on the temperature and the energy difference and bar-
rier between these two states, back-and-forth transitions between
them can occur resulting in a dynamic Jahn-Teller effect. If the
transition rate is fast enough the ZFS tensor is averaged, and it
becomes axial.

In the case of AlOEP, the axial ligands break the D4h symmetry
and the lowest triplet state is not truly degenerate. Thus, it is per-
haps more correct to refer to the distortions as a pseudo Jahn-Teller
effect, but we will not use this term in keeping with the majority of
the literature. While the idealized model shown in Fig. 7 should
describe the general behaviour of the AlOEP triplet state, some
deviations can be expected. For example, it is possible that in the
two low-lying triplet states the values of E might not be exactly
equal and opposite. Jahn-Teller distortions involving the axial
ligands are also possible. These have been reported to influence
the spin relaxation properties of six-coordinate Fe(III) porphyrins
[49] and could also potentially play a similar role in AlOEP. They
could also lead to differences in the values of D and the directions
of the ZFS Z-axes in the two low-lying triplet states.

The analysis of the isotropically excited TREPR spectra,
extracted from the 2D dataset at short delay after the laser pulse
when the electron spin polarization is largest, shows that the ZFS
tensor is orthorhombic (E – 0) in the temperature range under
investigation (10–80 K), but there is a decrease in the rhombicity
of the ZFS tensor at higher temperature (k=|E/D| are 0.092 ± 0.00
5 and 0.055 ± 0.005 at 10 K and 80 K, respectively), which suggests
the presence of a dynamic Jahn-Teller effect. The triplet spin sub-
level populations remain essentially constant over the temperature
range. In the specific case of the in-plane populations (px and py),
their values are similar and therefore the amount of information
on the Jahn-Teller effect that may be derived from a change of
these parameters is limited. In Mg and Zn porphyrins, the Jahn-
Teller averaging at temperatures around 80 K can be complete or
only partial depending on the type of substituents and the coordi-
nating properties of the solvent [36,37].
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Fig. 7. Influence of a static Jahn-Teller distortion of an idealized porphine ring with D4h symmetry on the triplet state energy levels [31]. Distortion of the ring as indicated by
the red arrows lifts the degeneracy of the 3Eu state. The 3B3u state has been placed lowest in energy based on the positive value of E obtained from CASSCF calculations of
AlOEP. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The dynamic Jahn-Teller effect can also make an important con-
tribution to the spin–lattice T1 relaxation [50,51]. As discussed
above, the relaxation rate 1/T1 increases by nearly an order of mag-
nitude at 80 K compared to 10 K (Table 1). A similar temperature
dependence has also been reported for Zn(II) tetratraphenyl-
porphyrin and other Zn analogues [36,37]. For Zn porphyrins, the
Jahn-Teller distortion consists of alternate elongation of the mole-
cule along each of the two perpendicular in-plane symmetry axes,
resulting in a reduction the symmetry from D4h to D2h as shown in
Fig. 7. The two forms are symmetry-related [35] and strong aniso-
tropic relaxation is produced when they can exchange by a ther-
mally activated interconversion that acts as a pseudorotation, in
which the Z-axis of the ZFS tensor is preserved, but the X and Y
principal directions are exchanged. The process of interconversion
then provides a contribution to the spin–lattice relaxation, which is
dependent on the interconversion rate and the value of E, that is a
measure of the ZFS anisotropy in the XY plane [39]. As a conse-
quence, the time-dependence of the triplet spectra is characterized
by a strongly anisotropic temperature dependent relaxation beha-
viour with the X and Y ZFS components relaxing more rapidly than
the Z transition at higher temperature.

In AlOEP, the spin–lattice relaxation does not show the strong
orientation dependence observed in Zn porphyrins. As can be seen
in kinetic parameters obtained from simulation of the time-
evolution of the triplet spectrum (Table 1) the T1 values are essen-
tially the same for all three canonical orientations but are much
shorter at 80 K than at 10 K. This reduction in T1 is not accompanied
by any substantial change in the ZFS parameter D. Sincemodulation
of theZFS is expected tobe themainmechanism forT1 relaxationand
is known to be responsible for the relaxation of the X and Y compo-
nents in Zn porphyrins, the data suggest that modulation of the Z
component also occurs in AlOEP but that its average value is essen-
tially unaffected. An obvious difference between the Zn porphyrins
and AlOEP is the presence of axial ligands in the latter. An out-of-
plane Jahn-Teller distortion has been implicated in the relaxation
properties of axially coordinated Fe(III)-substituted porphyrins
[49] andwe speculate that this may also be responsible for the tem-
perature dependent relaxation of the Z component in AlOEP. Unlike
the in-planemotions that cause interconversion of the X and Y com-
ponents and a reduction in E, out-of-plane motions involving the
axial ligands could modulate D without changing its average value
or the orientation of the z-axis.
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Magnetic interactions other than the ZFS can also be affected by
Jahn-Teller distortions. For example, in Cu(II) complexes, the
dynamic Jahn-Teller effect has been observed as a vibronic averag-
ing of the g and A tensors [52–54], but these effects have never
been investigated in porphyrin systems. For this reason, we per-
formed both pulse ENDOR and ESEEM experiments on AlOEP at
10 and 80 K, respectively. ENDOR was not feasible at 80 K since
the electronic relaxation times are too short to use a radio
frequency pulse with the appropriate length in the ENDOR
sequences, while the relaxation conditions are still favourable for
the 3p-ESEEM experiment. The fast detection scheme of ESEEM
allows the mapping of proton ENDOR frequencies at higher
temperatures. Usually, ESEEM is used to detect nuclei with a small
gyromagnetic ratio, but proton ESEEM can be useful when a
temperature dependence is investigated. Furthermore, single
crystal-like ESEEM may be possible for photoexcited triplet states
by recording ESEEM spectra at the magnetic fields relative to the
Z features. The limitation of ESEEM is that traces need to be
recorded outside of the hyperfine tensor canonical directions: if
the ZFS and hyperfine frames are collinear a very weak, or null,
modulation amplitude is expected if ESEEM is recorded at the
Z-resonant field positions. This can, however, be overcome by
moving the resonance field slightly to select resonant molecules
having a tilt angle (i.e., �20�) with respect to the principal
orientations of the hyperfine tensor [29].

Hyperfine spectroscopy on AlOEP allows detection of the hfcs of
the methine protons, which are characterized by a large, negative
isotropic contribution and a strongly anisotropic dipolar contribu-
tion, as shown by DFT calculations. The AZZ component, in the ZFS
frame, was detected both at 10 K and at the higher temperature by
excitation near the Z triplet transition. ENDOR spectra obtained
from excitation near the Y transitions show a severe broadening
of the lines that can be ascribed to incomplete orientation selection
and/or slow Jahn-Teller interconversion rate between slightly dif-
ferent triplet states.

Two different hfcs corresponding to two different sets of
methine protons have been detected in both the 80 K ESEEM and
10 K ENDOR spectra. The inequivalence of the four methine proton
is predicted by DFT calculations and has also been reported for the
free-base porphine [55,56]. A single signal from the meso protons
should only occur if the porphyrin ring has four-fold symmetry.
The comparison of the ENDOR and ESEEM spectra shows that at
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80 K the frequency difference between the two methine proton
lines is reduced as is the average of the two frequencies. Since
the hfcs at 80 K are close to the calculated values without a coor-
dinated solvent molecule, we speculate that distortion of the mole-
cule in the axial direction may occur and that a triplet state with
weaker coordination of the solvent becomes accessible at higher
temperature. This is also consistent with the strong reduction in
the spin–lattice relaxation time at 80 K compared to 10 K.

There are very few reports of the averaging of hyperfine cou-
plings in Jahn-Teller systems [52,54], and the data in the literature
have been collected mostly at very low temperatures where the
spin–lattice relaxation time is sufficiently long to be measured
and where the Jahn-Teller dynamics are very slow. In addition,
most of the ENDOR studies of porphyrins in the literature have
been caried out on meso-substituted porphyrins [21,47,56,57]
compared to the b-substituted porphyrin reported here. Elucida-
tion of the electronic structure of b-substituted metalloporphyrins
is particularly important since substituents are only found at these
positions in naturally occurring porphyrins and chlorins. The data
presented here confirm that bridging methine protons are charac-
terized by a rather large negative spin density, as predicted by DFT
calculations and in agreement with the large methine hfcs reported
for free-base porphine [55].

The spin density distribution on the nuclei is closely related to
the electronic wavefunction, since it probes the coefficients of the
atomic orbitals contributing to the HOMO and LUMO where the
two unpaired electrons are localized. Tuning of the hfcs and conse-
quently of the spin density distribution is not easily achieved in
porphyrins and an active role is probably played by the coordina-
tion chemistry of Al(III) which produces subtle distortion effects
of the macrocycle. This finding complements the characterization
of the dynamic behavior of Al porphyrins, showing that the coordi-
nation properties of Al(III) can produce strong effects in terms of
the electronic structure and consequently on the reactivity and
photochemical properties of the tetrapyrrole macrocycle.

In contrast to the large body of EPR and Optically Detected Mag-
netic Resonance investigations yielding D and E parameters, which
are integral properties of the triplet wavefunction and depend on
its overall spatial distribution, there are only a limited number of
studies on the hyperfine structure of the triplet state of porphyrins
resolved by hyperfine spectroscopy [21,47,56–60]. Similar to
TREPR, pulsed ENDOR and ESEEM of photo-excited triplet states
take advantage of their large spin polarization. The light-induced
polarization of triplet spin label/probes has been shown to provide
an important increase in sensitivity for dipolar spectroscopy and
distance determination [61–63]. The same reasoning should apply
to hyperfine spectroscopy which take full advantage of the large
electron spin polarization of the triplet state compared to the cor-
responding application to radical cations and anions, while probing
the electron distribution of both the HOMO and the LUMO in the
same experiment.

In summary, the magnetic and dynamic parameters of AlOEP in
the triplet state were determined using the complete gamut of
light-induced advanced EPR techniques and complemented with
theoretical methodologies, providing a reliable and detailed pic-
ture of the electronic structure and assessing the symmetry of a
representative member of this important class of heterocyclic tet-
rapyrrolic compounds. The data indicate the involvement of a
dynamic Jahn-Teller effect that leads to partial averaging of the
magnetic parameters at higher temperature. The data also suggest
that axial ligands can play an important role in the Jahn-Teller
dynamics. The effect on the hyperfine interaction of the methine
protons and on the anisotropy of the spin–lattice relaxation both
point towards distortion of the axial coordination bond that mod-
ulates Z component of the ZFS and the spin density at the meso
positions of the porphyrin ring. This detailed picture underlines
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that, in the presence of Al(III) coordination, the porphyrin triplet
state is characterized by unique properties when compared to
other metalloporphyrins, which are commonly employed in
diverse applications including artificial photosynthesis.
4. Materials and methods

4.1. Sample preparation

The synthesis of the porphyrin has been described previously
[11]. Samples were prepared dissolving the porphyrin in the sol-
vents of choice. Samples were prepared in a 3:1 mixture of MeTHF:
DCM with a concentration of about 500 lM. TR-EPR and pulse
experiments (ESEEM, ED-TREPR, Inversion Recovery) were addi-
tionally performed on a sample prepared in a 9:1 mixture of
MeOH: glycerol at the same concentration. X-band samples were
prepared inserting the solution inside 4 mm o.d. quartz tubes
which were sealed under vacuum after few freeze–pump–thaw
cycles. Q-band samples were prepared in a glovebox, inserting
the solution inside 1.6 mm o.d. quartz tubes which were sealed
under vacuum after a few freeze–pump–thaw cycles.
4.2. EPR measurements

EPR measurements at 80 K were performed on a Bruker Elexsys
E580 spectrometer and operating at X-band and equipped with a
dielectric MD5 resonator. Photoexcitation was obtained using a
Quantel Rainbow Nd:YAG pulsed laser equipped with second and
third harmonic modules and with an optical paramagnetic oscilla-
tor (OPOTECH) for irradiation at variable wavelength within the
visible, working at 10 Hz, with pulse length of 5 ns and an energy
of 3–5 mJ/pulse. Temperature stability was assured by an Oxford
CF935 dynamic continuous-flow cryostat cooled with liquid nitro-
gen and controlled by Oxford ITC503 units.

TREPR spectra were obtained by accumulating typically 100–
120 traces of the unmodulated EPR signal coming out from the
diode detector after a 6 MHz bandwidth preamplification stage.
The digitalization of the traces was performed by externally con-
nected LeCroy digital oscilloscopes (series 9300). The cavity was
maintained either in critically coupled condition or with a Q-
value lower by a factor of 0.5 ca. to have a faster time response.
Field-independent time traces contributions, deriving from the
cavity and obtained as averaged off-resonance high field and low
field traces, were subtracted.

The microwave power was near 0.2 mW. Magnetophotoselec-
tion experiments were performed by irradiating the sample with
polarized laser pulses, with the electric field either parallel or per-
pendicular to the static magnetic field. The rotation of the polariza-
tion plane of the light was obtained with a half waveplate and a
linear polarizer was added for a better control of the polarization.

Evolution of the magnetization with time was also recorded by
pulse methods, measuring the 2-pulse echo intensity for variable
delays between the laser flash and the first pulse (ED-TREPR).
The delay between the pulses was set to 300 ns and a p/2 pulse
of 16 ns was used. The inversion recovery experiment was per-
formed by applying the sequence laser-DAF-(p)-t1-(p/2)-t2-(p)-t2,
increasing the time t1 starting from a value of 300 ns with incre-
ments of 100 ns. The DAF was 56 ns; a p/2 pulse of 16 ns was used.

3p-ESEEM experiments were performed by applying the echo
sequence laser-DAF-(p/2)-t1-(p/2)-t2-(p/2)-t1. The DAF was
200 ns, delay t1 was set to 180 ns, while the initial t2 to 300 ns.
After removal of the decaying component, the spectrum was then
obtained by application of a Hamming function followed by zero-
filling to 1024 points and Fourier transform of the signal. In order
to cope with the variation of the modulation depth as a function of
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the molecular orientation, which alters the ESEEM lineshape, the
3p-ESEEM spectrum was simulated with EasySpin [64] using the
experimental parameters and four protons with the hfc value as
indicated in Table 2.

For EPR measurements at 10 K, a closed-cycle cryostat (Cryo-
genic CF VTC) in a helium atmosphere was used for temperature
control. Pulsed optical excitation at 10 K was provided by a Nd:
YAG laser (Spectra-Physics Quanta-Ray INDI PS 51/52) equipped
with a second harmonic module, a pulse width of approximately
6 ns, a pulse energy of 3–5 mJ and a shot repetition rate of 20 Hz.

X-Band TREPR experiments at 10 K were performed on an
Elexsys E580 X-Band Pulse Spectrometer system and a dielectric-
ring resonator (Bruker ER 4118X-MD5). Q-Band EPR measure-
ments at 10 K were performed on a Bruker Elexsys E580 Super
Q-FT spectrometer equipped with a EN5107D2 resonator. Q-band
ENDOR measurements were performed applying the Davies
ENDOR sequence laser-DAF-(p)-(prf)-(p/2)-t-(p). The DAF was
500 ns, delay t was set to 400 ns. 40 ns long gaussian-shaped
pulses with different amplitudes were employed along with an
11 ls RF pulse amplified using a Bruker 250 W RF amplifier. The
values of the proton hfcs along the principal axes of the ZFS
tensor were determined by Gaussian deconvolution of the ENDOR
spectra.

4.3. TREPR simulations

The simulation of the time evolution of the magnetization after
its generation by population of the molecular triplet state of AlOEP
by intersystem crossing was performed by solving the master
equation reported in Refs. [42,43]. The master equation accounts
for the decay to the ground state of the triplet, the spin lattice
relaxation time and the reaching of the Boltzmann population dis-
tribution between levels in the absence of decay processes. For
each field position, the on-resonance/off-resonance contributions
were calculated by the appropriate integration over the possible
relative orientations of the triplet molecule and of the external
magnetic field as

IðB0; tÞ ¼
X

�

ZZ
G½Bres�ð#;uÞ � B0� � DP�ð#;u; tÞsin#d#du ð2Þ

where G½Bres�ð#;uÞ � B0� is a line shape function, Bres is the reso-
nance field at a given orientation ð#;uÞ of the magnetic field B0,
and DP�ð#;u; tÞ is the non-Boltzmann population differences
between the two resonant states. The resonance fields were
calculated upon diagonalization of the Hamiltonian
H ¼ lBS � g � B0 þ S � D � S, where D is the dipolar tensor. The calcula-
tion was performed by programming Eq. (2) in MATLABTM and using
a least square fitting routine to fit the signal intensity to the exper-
imental dataset.

4.4. DFT calculations

The hfcs for AlOEP were calculated using ORCA 5.0.2 [65,66].
The structure was first constructed using the program Avogadro
[67] from the X-ray crystal structure data of a related porphyrin
[68] and then subjected to energy minimization using the UFF
force field either with or without a coordinated MeTHF molecule
[69]. The geometry of the triplet state was then optimized in ORCA
using the PBE functional [70] and the def2-TZVP basis set [71] with
the D3 dispersion correction [72]. The resolution of identity
approximation [73] was used to speed up the calculations. A single
point calculation was then performed using the EPRNMR module
of Orca to determine the hfcs. The obtained hyperfine tensors were
rotated into the ZFS principal axis frame obtained from CASSCF
computations the details of which are described elsewhere [12].
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