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Increasing the efficiency of molecular artificial photosynthetic systems is mandatory for the construction of
functional devices for solar fuel production. Decoupling the light-induced charge separation steps from the
catalytic process is a promising strategy, which can be achieved thanks to the introduction of suitable
electron relay units performing charge accumulation. We report here on a novel ruthenium tris-diimine
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Introduction

The development of solar-driven chemistry exploiting sunlight
to produce fuels and commodity chemicals (ammonia,
hydrogen peroxide...) from readily available feedstocks (water,
carbon dioxide, atmospheric nitrogen and oxygen...) is a top
research priority for the 21 century.’ Natural photosynthesis
is an inspiration in that field,>” and the first functional
molecular-based photocathodes for hydrogen production and
CO, reduction recently appeared in the literature,®*** combining
molecular photosensitizers as a surrogate for photosystems and
catalytic centers mimicking enzymes involved in bioenergetic
processes. These artificial photosynthetic systems however
display low energy conversion efficiencies because the light-
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charge photoaccumulation with proton-coupled electron transfer processes.

induced charge separation process is a single-electron event
that occurs on the fs-ns timescale, ie. several orders of
magnitude faster than multielectron catalysis. Consequently,
charge recombination and/or degradation processes most of
the time take place before catalysis can proceed. A solution to
overcome this limitation therefore requires decoupling these
two processes and here again, inspiration can be found in
nature. For example, reversible quinone/hydroquinone couples
are employed as electron relays in the photosynthetic
machinery:** after two consecutive photon absorption - charge
separation steps at photosystem II (PS II), two electrons are
transported by plastoquinone Qg (among other electron trans-
port cofactors), thanks to proton-coupled electron transfer
(PCET) processes. Moreover, the photosynthetic process gener-
ates NAD(P)H as a key biochemical intermediate via the addi-
tion of two electrons and one proton to NAD(P)'. NAD(P)H
further acts as a versatile reductant to drive reductive enzymatic
reactions in the dark, such as CO, fixation (in the Calvin cycle).*?
Hence, the integration of charge accumulation sites in the
molecular design of the photocatalytic system and the imple-
mentation of PCET processes is an appealing strategy towards
the temporary storage of photogenerated electrons before
delivery to the catalyst.

Since the initial report by Wasielewski and co-workers in
1992, a few molecular systems have been reported that pho-
toaccumulate reducing equivalents.”"” The electron storage
sites range from organic structures such as naphthalene or

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Synthesis of [Ru(bpy),(oxo-dppgp)l(PFe), ([11(PFg)2) from [Ru(bpy).(dppap)l(PFs)> and chemical structures of reference complexes

[Ru(bpy)sl(PFg), and [Ru(bpy),(dppz)l(PFs),.

perylene bisimides,'*'® anthraquinone,' and viologen deriva-
tives,”*?* to iridium(ur)** or rhodium(m)* complexes and poly-
oxometalates.?*** Ruthenium complexes containing NAD(P)'/
NAD(P)H mimics were also elegantly developed by the group of
Tanaka.**® Of particular interest is the work of MacDonnell
and co-workers on dinuclear ruthenium complexes bearing
extended poly-N-heterocyclic bridging ligands*~** with, in
particular, a quinone-containing bridging ligand undergoing
a light-driven proton-assisted four-electron reduction process.>®
These authors also clearly showed that a bent bridging ligand
can accumulate two electrons at a potential suitable to drive
proton reduction.*

Implementing such a strategy in fuel-producing photocath-
odes however puts strong topological constraints on the
molecular design. Indeed, unidirectional electron transfer from
the electrode substrate to the accumulation site and through
the photosensitizer is required. In addition, the photo-
accumulation site should be remote from the electrode surface
in order to limit the recombination processes.** This precludes
the use of previously reported systems in which two photo-
sensitizing units straddle the accumulation site 81924293032
Conversely, systems based on a single light-harvesting center
such as iminoimidazole-containing ruthenium photosensi-
tizers, whose properties have been studied by two of us,**** and
disubstituted dipyrido-[3,2-a:2/,3'-c]phenazine (dppz)-based
ruthenium complexes®® are instrumental to the aim of
designing molecular photoelectrodes with enhanced efficiency.
We therefore designed a novel ruthenium tris-diimine complex,
[1](PFs), (Scheme 1), that features an original bent-shaped
polyazaaromatic ligand, namely a pyridoquinolinone moiety
fused to a dppz-chelating unit. We report herein its full steady
state spectroscopic and electrochemical characterization and
show how the pyridoquinolinone subunit drastically modulates
the electronic properties of the complex toward charge accu-
mulation. Photolysis experiments unambiguously established
the ability of [1](PFe), to accumulate two electrons upon visible
light irradiation in the presence of a sacrificial electron donor,

This journal is © The Royal Society of Chemistry 2018

and to further stabilize the photogenerated two-electron
reduced state thanks to a PCET process. The electron storage
sites on the m-extended ligand were identified at the (time-
dependent) density functional level of theory ((TD)DFT) and
by EPR and resonance Raman studies on independently
prepared singly and doubly reduced derivatives.

Results and discussion

We previously reported an efficient “chemistry on the complex”
strategy to synthesize variously substituted ruthenium tris-
diimine complexes containing m-extended ligands, such as
[Ru(bpy)2(dppqp)](PFe). (dppgp = dipyrido[3,2-a;2’,3'-c]pyrido
[2”,3"-4,5]quinolino[2,3-A]phenazine, Scheme 1).*” Following
previously published methods,**** deethylation by cerium
ammonium nitrate (CAN, Ce(iv)(NH,4),(NO3)¢) treatment, fol-
lowed by spontaneous air oxidation of the latter afforded
[Ru(bpy)z(oxo-dppqp)](PFe), ([1](PFs)), featuring a fused
dipyridophenazine (dppz)-pyridoquinolinone ligand (oxo-
dppgp = dipyrido[3,2-a:2/,3'-c]pyrido[2”,3"-4,5]quinolino[2,3-A]
phenazin-15-one) in 80% yield after purification.

Aggregation through m-stacking is commonly observed for
planar polyazaaromatic ruthenium complexes.*”** Such a -
stacking behavior is supported by quantum chemical simula-
tions for [1](PFs), (Fig. S3 and Table S1}) and was evaluated by
a concentration-dependent "H NMR study in CD;CN (Fig. S1 &
S21). The threshold concentration below which the monomer is
predominant in solution was determined to be 5 x 10~* M (see
details in the ESI}), in line with a previous study on related Ru
complexes;*” accordingly, the following spectroscopic and
electrochemical measurements were performed at lower
concentrations of [1](PF),.

The UV/vis spectrum of [1](PFe), displays typical features of
ruthenium tris-diimine complexes (Fig. 2 and S4%), with an
intense ligand-centered (LC) transition at 290 nm, characteristic
of the bipyridine ligands, and metal-to-ligand charge-transfer
(MLCT) bands observed between 400 and 500 nm. The high

Chem. Sci,, 2018, 9, 4152-4159 | 4153
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Fig. 1 UV/vis (A) and RR spectra (B) of [1]** (black) in comparison with
the spectra collected during controlled potential electrolysis: first (blue;
electrolysis: 1 min at —0.5 V vs. Ag/AgCl) and second reduction (red;
electrolysis: 1 min at —0.85 V vs. Ag/AgCl) in 0.1 M tetrabutylammonium
tetrafluoroborate/acetonitrile. The RR spectrum was obtained upon
excitation at 458 nm (solvent bands subtracted). The RR bands
characteristic of vibrations of the bpy ligand (symbol B) as well as of the
dppz moiety (symbol D) and the iminobenzoquinone moiety (symbol #)
of the oxo-dppgp ligand are indicated. (C) MO diagram for [1]%*
including occupied (black) and virtual (red) frontier orbitals; orbital
energies are given with respect to the energy of the HOMO.
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molar absorptivity in the visible range compared to the refer-
ence complex [Ru(bpy),(dppz)](PFs). (Fig. S4T) suggests some
contribution from the w-extended oxo-dppqp ligand. This is in
agreement with TDDFT calculations predicting a strongly
absorbing ligand-centered 'm7c* state on the m-extended ligand
(see Sg in Fig. S5T).*

The redox properties of [1]** were determined by cyclic vol-
tammetry (CV) and differential pulse voltammetry (DPV)
(Fig. S61) and are reported in Table 1. Oxidation of the Ru center
is observed at +0.86 V vs. Fc'/Fc, which is slightly more anodic
than the Ru™/Ru" processes in [Ru(bpy);](PFs), and
[Ru(bpy).(dppz)](PFs), and most likely reflects an increase of the
electron-accepting properties of the m-extended ligand. In
addition, [1]** displays five successive reduction processes; the
first one at —0.87 V vs. Fc'/Fc is not observed for any of the
reference complexes (Fig. S7 & S87) and is tentatively assigned to
a reduction on the pyridoquinolinone moiety. The second
cathodic process occurs at a potential very close to the one ob-
tained for the parent [Ru(bpy),(dppz)](PFs), complex (Fig. S7t)
which indicates a reduction located on the dppz moiety of the
ligand. The following reductions are attributed to the three
diimine ligands, by comparison to the reference complexes
(Fig. S7 & S81).

To gain more insights into the structures of the reduced
compounds, the (electro)chemically reduced forms of [1]** (first
and second reduction, generating [1]" and [1]°, respectively)
were investigated by UV/vis absorption spectroscopy (Fig. 2, S9
and S10t) and UV/vis and resonance Raman (RR) spectroelec-
trochemistry (SEC; Fig. 1 and Fig. S11t), in combination with
TDDFT calculations (see the ESIT for details).

A 15 uM solution of [1]** in CH;CN was chemically reduced
with cobaltocene®” under rigorously anaerobic conditions. The
formation of the singly reduced derivative [1]" is accompanied
by significant changes in the UV/vis spectrum, with the growth
of a very characteristic absorption feature at 653 nm (Fig. 2). In
addition, three isosbestic points are observed at 326, 394 and
445 nm, associated with the disappearance of the absorption
band at 315 nm and the growth of a new one at 348 nm
(Fig. S9t). In contrast, the absorption of the doubly reduced
species [1]°, generated by the addition of a second reducing
equivalent to the solution, extends above 700 nm and is almost
featureless (Fig. 2 and S10t). Such broad absorption features
above 500 nm typically originate from ligand-centered states of
m* nature of the reduced ligand.*”” Similar spectral changes
were also observed for electrochemically generated [1]* and [1]°
(Fig. 1A).® In the case of [Ru(bpy),(dppz)]*',*** the first
reduction is centered on the phenazine moiety and is
characterized by a broad absorption band from 500 to above
800 nm with notable absorption contributions beyond 700 nm
(Fig. S117%), thus resembling the spectral features of doubly
reduced [1]°. These data support the above assignment from
cyclic voltammetry with the first reduction of [1]** centered at
the pyridoquinolinone fragment and the second reduction
localized on the phenazine fragment.

The RR spectrum of [1]** (collected upon excitation at
458 nm) consists of bands characteristic of vibrations of the bpy
ligand (marked with B, Fig. 1B) as well as of the dppz moiety

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 From top to bottom: summary of the chemical reduction process, EPR spectra, calculated structures and frontier molecular orbitals
carrying excess charge, and UV/vis absorption spectra of [1]2*, [1]*, [1]° and [1H,]** (see the ESIt for experimental details).

(marked with D) and the iminobenzoquinone moiety
of the oxo-dppqp ligand (marked with #). These bands
were assigned by comparison with the RR spectra of
[Ru(bpy)»(dppz)*’, [Ru(bpy)s]** (Fig. S12) and [Ru(dppz)s]*".**
In the first reduction process, a decrease of the bands attributed
to the iminobenzoquinone moiety is observed, whereas MLCT
transitions to the bpy ligands and the dppz moiety are sparsely
affected. This again indicates that the additional charge is likely
to be localized at the distal pyridoquinolinone moiety. In the
second reduction process, the bands characteristic of the dppz
moiety (symbol D) vanish, while the bands arising from bpy
vibrations (symbol B) are still observed. Such an effect is also
observed during the first reduction of the reference
[Ru(bpy).(dppz)]** (Fig. S137). Thus, for [1]°, MLCT transitions

Table 1 Electrochemical data for [1]** and reference complexes
[Ru(bpy)zl(PFs)> and [Ru(bpy)»(dppz)l(PFs)s (E1/» in V vs. Fc*/Fc)

Ru™' Red; Red, Red; Red, Reds
Ru(bpy)s** +0.82 — — -173 -191 -2.18
Ru(bpy)s(dppz)®* +0.84 — 136 -1.79 —2.01 —2.49
1P +0.86  —0.87 —1.32 —1.81 -2.02 —2.43

This journal is © The Royal Society of Chemistry 2018

to the dppz moiety do not take place anymore, in agreement
with a second reduction localized on this part of the ligand.
To support these UV/vis and RR studies, quantum chemical
calculations were performed at the DFT and TDDFT level of
theory on [1]**, as well as on the singly and doubly reduced
species [1]" and [1]° [1]" is clearly of doublet multiplicity;
TDDEFT allows us to assign the absorption feature at 653 nm to
the bright intraligand states (localized on the oxo-dppqp ligand)
D; and Dy, calculated at 605 and 576 nm respectively (Fig. S57),
of the singly reduced doublet [1]*. The doubly reduced complex,
[1]°, may be either of singlet or triplet character (Fig. S141). The
DFT calculations reveal a near degeneracy of '[1]° and *[1]°,
while the triplet is slightly favored by 0.1 eV. Such an energy
difference value is below the margin of error of DFT and thus no
unambiguous assignment of the spin state of [1]° is feasible.
However, the simulated UV/vis absorption spectrum of the
doubly reduced triplet species can be clearly associated with the
experimental absorption spectra of [1]° (Fig. S15). In partic-
ular, the broad absorption band between 550 and 800 nm is
unambiguously assigned to three bright oxo-dppqp-centered
intraligand states (Ty,, Ty5 and Ty) calculated at 759, 588 and
574 nm. On the other hand, no agreement is evident for the
simulated '[1]® (Fig. S15f). Thus, the TDDFT calculations

Chem. Sci,, 2018, 9, 4152-4159 | 4155
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suggest that [1]° exists in the triplet state. This is further sup-
ported below by electronic paramagnetic resonance experi-
ments (EPR, vide infra). In addition, from the performed
quantum chemical simulations, the first one-electron reduction
is found to be localized on the iminobenzoquinone moiety (o-
HOMO of [1]"), while the excess charges in doubly reduced *[1]°
(triplet state)—compared to non-reduced [1]**—are localized on
the iminobenzoquinone moiety («-HOMO-1) and on the dppz
moiety (¢-HOMO) as illustrated in Fig. 2. Further details with
respect to the quantum chemical simulations are presented in
the ESL.t

EPR is the spectroscopic technique of choice to probe the
chemical environment of radical species. The chemical reduc-
tion procedure was thus adapted to record the X-band EPR
spectra of [1]* and [1]° (200 uM in CH;CN/propionitrile; see UV/
vis monitoring in Fig. S161). The X-band EPR spectrum of the
former, recorded in deoxygenated solution at room tempera-
ture, is characteristic of an organic radical species (g = 2.003),
with a very slow relaxation rate (Fig. 2). It displays numerous,
easily saturated, very narrow overlapping lines (0.3 G peak to
peak) and could be simulated as a monoradical coupled to 3
nitrogen atoms (spin 1 nucleus; hyperfine coupling constants of
7.3, 4.8, and 3.9 MHz) and 6 hydrogen atoms (hyperfine
coupling constants of 6.3, 5.4, 4.2, 3.7, 2.0, and 1.8 MHz). This
finding is in agreement with the spin density of [1]", which is
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predominantly localized on the pyridoquinolinone moiety (see
Fig. S177). [1]° is also EPR active, which unambiguously
confirms that this species exists in a triplet spin state. Its
spectrum displays five equidistant broad lines (2.2 G peak to
peak) with relative intensity 1-2-3-2-1 (Fig. 2), attributed to
a hyperfine coupling with two equivalent N atoms with
a coupling constant of 13.8 MHz (4.9 G for g = 2). It appeared to
be strongly similar to the spectrum of singly reduced
[Ru(bpy).(dppz)](PFs), (Fig. S18t), which displayed a similar
broad quintet with a hyperfine coupling constant of 14.2 MHz
(5.05 G for g = 2). The only significant difference is a smaller
hydrogen hyperfine coupling observed for the latter.”” Due
to the similarity between the EPR spectra of the doubly
reduced species [1]° and the singly reduced species of
[Ru(bpy),(dppz)](PFs),, we propose the formation of the dimer
m-{[1],}°, through 7-stacking of two [1]° complexes, occurring
under the EPR analysis conditions. In such a structure, pairing
of the electrons located on each pyridoquinolinone moiety
would take place (thus precluding their EPR detection); on the
other side, the electrons located on each pyrazine ring are too
far from each other to interact, leading to the observed signa-
ture, identical to the one from a single dppz radical species.
Indeed, an increase of the m-stacking propensity of these
complexes is likely to occur upon ligand reduction,*® in agree-
ment with the higher binding energy values calculated for the
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Fig. 3 Top: UV/vis monitoring of a continuous photolysis experiment (Aexc = 450 nm; 15 pM in CH3CN in the presence of 0.15 M TEA) (inset:
zoom-in of the 600-700 nm area where the formation of [1]* is observed). Bottom: comparison of the photolysis experiment (t = 5 min; dotted
line) with [1H,]?* (green line). Right: summary scheme of the reversible light-driven charge accumulation process.
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dimers of [1]'* and [1]° (Fig. S3 and Table S1t), compared to
[1]**. Bonding energies - and thus the tendency to aggregate —
were calculated for {[1],}° and compared to those of {[1],}**
(dimer of [1]*") and the intermediate {[1],}** (dimer of [1])
using DFT. The most stable combinations of the respective
monomers are presented in Table S11 along with the calculated
bonding energies and stacking distances. Interestingly, an
increased bonding energy of —251 kJ mol ™" was observed for
{’[1],}° (formed by two doubly reduced triplets), with respect to
merely —132 kJ mol " for {[1],}**. This finding clearly demon-
strates that the system exhibits an enhanced tendency to
aggregate upon (double) reduction.

This set of experimental and theoretical data unambiguously
confirmed that the first two reduction processes are both
located on the fused dppz-pyridoquinolinone -extended ligand
of [1](PFe),. This property is a prerequisite to achieve unidi-
rectional (multi)charge photoaccumulation on a single site.
From the point of view of the potential, the values of —0.87 V vs.
Fc'/Fc (—0.30 V vs. NHE) and —1.32 V vs. Fc'/Fc (—0.75 V vs.
NHE) are in the same range as that reported for the best per-
forming complexes in the literature.'**>* Moreover, after the
first reduction, this complex preserves its ability to generate
a reactive MLCT state, which is mandatory to drive a second
reduction process under visible light irradiation that leads to
charge accumulation. Indeed, the broad absorption band
between 400 and 500 nm is only slightly affected by the first
reduction, with a small decrease of the intensity at around
420 nm and the appearance of a shoulder at 455 nm (Fig. 2).
This is further supported by the RR study - the MLCT transi-
tions to the bpy ligands and the dppz moiety being only sparsely
affected by single reduction (Fig. 1) - and by TDDFT, where the
excited state properties, such as the excitation energies and
oscillator strengths (i.e. D,g, D3g, Dyo and Dy, calculated at 444,
424, 421 and 405 nm - see Fig. S51) are preserved for [1]".

All these observations thus validated the design of [1](PFs),
to achieve light-driven electron storage and prompted us to
assess its behavior under photolysis conditions. A very fast
photochemical reaction occurred when complex [1](PFg), was
irradiated at 450 nm in the presence of triethylamine (TEA) as
a sacrificial electron donor. The spectral signature of [1]" was
transiently observed during the first minute of photolysis
(Fig. 3); the absorption at 655 nm reached a maximum after 10 s
of irradiation, while [1]** was still present in solution (observed
at 315 nm, see Fig. S197). Subsequently, the spectra rapidly
evolved toward a new spectral feature, strikingly different from
the signature of [1]°, and the reaction was completed after 5
minutes (Fig. 3). As it turns out, the newly formed species is EPR
silent (see details of EPR measurements in the ESIf) and its
absorption spectrum perfectly matches the one of the EPR silent
doubly reduced doubly protonated derivative [1H,]**, indepen-
dently prepared by the addition of trifluoroacetic acid (TFA) to
[1]° (Fig. 3). A quantum yield of 66% (based on the amount of
absorbed photons) was measured, which is very high for
a reaction involving two successive light-driven electron trans-
fers (see details in ESI, Fig. S20t). In our photolysis experiment,
conducted in dry CH;CN, the source of protons is most likely
the radical cation TEA"". The latter is generated upon reductive

This journal is © The Royal Society of Chemistry 2018
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quenching of the Ru excited state by TEA, and is known to
decompose with the release of one equivalent of H'.*” Similar
proton transfers were characterized under photolysis condi-
tions by MacDonnell and co-workers.>*?

The equilibrium structure of [1H,]** was investigated at the
DFT level of theory; the most stable doubly protonated doubly
reduced species is an aminophenol derivative (Fig. 2 and 3),
suggesting that electronic redistribution takes place within the
doubly reduced m-extended ligand upon protonation. This
structure was further confirmed by "H NMR analysis of the
photolysis experiment (see ESI, Fig. S21 and Tables S2 and S37).
Charge compensation and stabilization through proton-
coupled electron transfer thus takes place during light-driven
reduction of [1](PFe),. Although occurring to the detriment of
the reducing power of the system (see Fig. S22t), such a stabi-
lization process was also encountered with various biological
cofactors, plastoquinone Qg typically, and proved essential for
their electron relay activity.

Very few studies have addressed the stability of the system
under photoaccumulation conditions. Importantly, we found
that fast reoxidation of [1H,]** to the initial [1]** complex occurs
upon exposing the photolysis solution to air (Fig. $S231). The
quasi-reversibility of proton-coupled electron accumulation on
[1](PF), is also attested by the cyclic voltammogram of [1]**
measured in the presence (see Fig. S227). This contrasts with
a previously reported dinuclear Ru complex with a bent tetraa-
zatetrapyridopentacene bridging ligand, which is able to store
two electrons at slightly more negative potentials; regeneration
of this complex upon exposure to air takes up to 12 hours, owing
to a detrimental radical-anion dimerization process.*

Conclusion

Appending a pyridoquinolinone subunit to the archetype
[Ru(bpy).(dppz)](PFs), complex successfully endowed the novel
ruthenium trisdiimine photosensitizer [1](PFe), with multiple
charge photoaccumulation properties. The latter, together with
its singly and doubly reduced derivatives, was spectroscopically
and electrochemically characterized. The combination of reso-
nance Raman and EPR spectroscopies with DFT calculations
proved instrumental to accurately localize the electron storage
sites on the m-extended ligand. Remarkably, this system
reproduces the 2e /2H" mechanism at work for both the light-
driven reduction and dark oxidation of the plastoquinone
photosynthetic cofactor: under visible light irradiation in the
presence of a sacrificial electron donor, reversible photo-
accumulation of two electrons, coupled to protonation steps,
was achieved. This study thus represents an important break-
through for the design of next generation artificial photosyn-
thetic devices relying on a rational decoupling of light-driven
single-electron events and targeted multielectron redox catal-
ysis. Although the redox potential of the [1H,]** species in DMF
is too high to warrant hydrogen production, it is still in line with
other multi-electron reduction processes such as O, reduction
to H,0,,*® the latter being another relevant target in the context
of solar-driven chemistry.
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