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Research:

A) Hybrid Polyoxometalate - Porphyrin

The main goal is to obtain organic hybrids of polyoxometalates (POMs) and
porphyrins — molecules as well as polymeric materials — able to photocatalytically
reduce metallic ions, NOx or CO2 (NO, nitrate, nitrite or CO »).
In these hybrid systems, the porphyrin sub-units will be used as photosensitizers
capable of delivering electrons to the strongly oxidant POMs under light irradiation.
The reduced POMs can then catalyse reductions, e. g. the reduction of the NQ or of
the metallic ions such as Ag(l), Au(lll), Pt(IV), Pd(ll), etc. The porphyrins can be
regenerated in the presence of a sacrificial electron donor.

. Our first objective i s t o-porghyria pnadele
compounds helping understand and predict the characteristics required for g ood
photocatalytic properties. Several types of POM/porphyrin ha ve been introduced

(Figure 1).

Figure 1. Porphyrin(s) — polyoxometalate complexes obtained via coordination .
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Figure 2. Mechanisms for the photoreduction of silver ions by the use
of the porphyrin-POM complexes.

. T sexond objective is the

formation of electrostatic
porphyrins/POM complexes in
solution from tetracationic porphyrin
and polyanion (Scheme 1).

Then, visible light-induced reduction
of metal cations such as Hg (II), Cd (1),
Cr (VI), As (III/V)), as well as noble
metals with limited resources (Au(IIl),
Pd(II), Pt(II)...), and NOx under aerobic
and anaerobic conditions is pursued.

The main rationale for using these
porphyrin(s)-polyoxometalate

complexes is the possibility to carry out
photocatalysis with visible radiation,

contrary to polyoxometalates only. Indeed, porphyrins are photosensitizers capable of giving



electrons to polyoxometalates after excitation, both through space and through bonds. The
complexes are especially attractive, because photocatalysis could proceed with solar radiation.

Scheme 1. Representation of (A) ZnOEP(py),**, (B) ZnTMePyP**, (C) Co,POM'®™, and (D) [PaW;3042]°
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Systems in solution

Previous experiments conducted using electrostatic porphyrins/POM complexes in
solution, have already given a positive outcome. Indeed, the electrostatic complexes obtained
using tetracationic porphyrins and polyoxometalate have shown a high efficiency toward the
model reaction of photocatalytic reduction of Ag(I) even under aerobic conditions. The catalyst
was stable under turnover conditions, which is an important criterion for this type of catalysis
and bodes well for future applications. Ag (I) was chosen as a model system because it
involves the exchange of a single electron. Thus, the photo-excitement of porphyrin units of
the complex in the presence of propan-2-ol (sacrificial donor) allowed the catalysis of Ag(I)
reduction in Agy.
The mechanism proposed for silver nanoparticle formation (Figure 2) corresponds to a direct
intramolecular electron transfer from the excited porphyrins to polyoxometalate. Then, the
reduced POM — porphyrins complex can transfer electrons to silver ions. The mechanism is
similar to that reported for the POM alone excited in the UV domain.
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Figure 3. TEM micrograph of the formed silver nanoparticles and change in the UV—visible absorption spectrum after
illumination of aqueous solution containing A) [Co4(H20)2(P2W150s6)2]'% (0.8.10-° M) et [ZnTMePy]** (3.2.10°3
M) in the presence of sacrificial donnor propan-2-ol (0.13 M) and Ag” (3,2.10* M). Aerated aqueous solution. B)
[Co4(H20)2(P2W15056)2]'¢ (0,8.10°° M) in the presence of propan-2-ol (0.13 M) and Ag" (1.28.10* M). Deaerated
aqueous solution.

Indeed, the preliminary results shows the efficient photocatalytic reduction of Ag® in the

presence of the complex [ZnTMPyP* ]a[NasFe"»(H20)(P2Wi50s6)2] using propan-2-ol as



sacrificial donor both in aerated and deaerated aqueous solutions (Figure 3). The formed silver
nanoparticles are stable in air without illumination.

» Tthirl objective is the formation of supported tetracationic porphyrins —POM.

First, tetracationic porphyrins — POM multilayers were formed. The formation of
photocatalysts supported with tetracationic porphyrins and p olyoxometalates has
been developed using [ZnTMePyP]* or (py)ZnOEP(py)4+** in the presence of
polyoxometalates in varied structures (Keggin or Dawson). More complex structures
of the type sandwiches [Ma(H20)2(P-W1s0s6)2]1¢/1> (where M = Zn?*, Cd*, Cu?, Ni?#,
Co?*, Mn?, Fe*) have also been used.

The feasibility of this approach has been assessed by dipping a glass plate or a
transparent electrode of ITO (Indium Tin Oxide) in a n alternated way, in a solution
0.5 mM of [ZnTMePyP] 4 and in a solution 0.5 mM of [Co 4(H20)2(P2W1sOse)2]*¢. Stable
multilayers were formed (Figure 4).
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Figure 4. Left: UV-visible absorption spectra of [ZnTMePyP 4/ Coa(H20)2(P2W150s6)2!¢]n films (onto quartz) with
different numbers of deposition cycles (after porphyrin and POM depositions). (The measured absorption
corresponds to the deposition of material on both sides of the quartz). Inset: Plots of the absorbance at 452 nm as a
function of the number n of deposition cycles of [ZnTMePyP 4+ / Coa(H20)2(P2W15Os6)2!¢] in pure aqueous solution.
Middle: quartz slide with 25 with different numbers of deposit ion cycles. Right: TEM images of the silver
nanowires with the [ZnTMePyP 4/ Cos(H20)2(P2W150s6)21%]n film in desaerated solutions.

The photocatalytic reduction of Ag 2SO« under visible irradiation in the presence of
propan-2-ol worked out well. It led to the formation of metallic Ag ° nanowires (Figure 4).
Second, our previous results showed that a supported catalyst, the cationic copolymer of
porphyrins can be prepared by electropolymerization of the bisubstituted monomer 5,10-
ZnOEP-meso-(bpy)2?* (1-Zn, Figure 5) via successive scannings between 0.9 V and 1.9 V /
SCE leading to the formation of directed nanostructures. Then, the "cationic" electrodes have
been soaked in a POM solution to generate a new material.
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Figure 5. AFM a) of the copolymer 1-poly-Zn, and b)

of the modified electrode dipped 12 hours into a solutio n of K4[SiW12040] (¢ = 1.1 mol.L1).



. O ufourth objective is the formation of functional polymers including
polyoxometalate.

The key-method for this approach was the electro-copolymerization of hybrid
porphyrins developed recently. It is based on the polarization of a working electrode
at the porphyrin’ s s e ¢ oaxidationr potemgtial in the presence of the
functionalized POM bearing two pyrid yl groups [MnMo 6O1s{(OCH2)sCNHCO(4 -
CsHsN)}2]* (Py-POM-Py), which generates {POM-porphyrin} » copolymers after one
pot electropolymerization (Figure 6).

The photo catalytic reduction of Ag '2SOs or HAu "'Cl4 under visible irradiation in air in
the presence of propa2-nol at the 2-D interface between water and the copolymeric
films worked out well. It led to the formation of metallic Ag ° nanowires and
triangular nanos heets or Au® nanosheets(Figure 6).
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Figure 6. Electropolymerization of the 5,15-ZnOEP(py)2?* with the Anderson type polyoxometalate Py-POM -Py
leading to the copolymer porphyrin — POM. Cyclic voltammograms recorded during the electropolymerization,
AFM mi crograph, TEM images of nanoparticles obtained after illumination in aerated solution of the copolymer
deposited on a plate of quartz in the presence of the sacrificial donor propan-2-ol (0.13 M) and of Ag(l) or Au(lll)
(1.6 x 10* M).

The formation of hyb rid POM -porphyrin copolymeric films (Fig. 7, film I) can be
obtained by the electro-oxidation of porphyrin in the presence of the POM bearing
two pyridyl groups (Py -POM-Py). This process is feasible for various type of POMs
such as Dawson, Lindgvist or Keggin type POMs (Fig. 8). A second methodology is
also proposed to form hybrid POM-porphyrin films (Fig. 7, films 1l and I11): first the



formation of cationic poly -porphyrin electropolymer. Then, by metathesis reaction,
the (partial) exchange onto the surface of the initial counter ions by the POM™ or by
the nanoparticles stabilized with POM ™ (POMn-@M, M = Ag, Au, Pt, etc.) 3D
isoporphyrin — PIM copolymers (PIM = PolylodoMetalate (Fig. 7 right) have been
also develop recently showing interesting efficiency even upon the NIR illumination.
The photovoltaic performances of these hybrid materials have been investigated by
photocurrent transient measurements under visible -light illumination given by now
good efficiency.

Figure 7. Various type of porphyrin -POM films.
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Figure 8. Left: Electropolymerization py -Dawson-py with ZnOEP . Right: EQCM and optical properties of the
films.

. O uast objective is the formation of films based on covalent and electrostatic
interactions between porphyrin and Dawson type polyoxometalate. Their photovoltaic
performances are investigated by photocurrent transient measurements which showed
significant photocurrent response (Figure 7).

i Bri j abuey? ssep



In the case of the example,the enhanced photocurrent, around 25 times higher for
the [az-F€'"P.W1:0e"/ H2TPhN(Me)sP*]n can be explained by the presence of
az-Fe"P.W17:0e1”- which is a strong acceptor of electron and can take one electron from
the excited porphyrin. Then in turn, the reduced form can give one electron to
reduced ls. Consequently, POM assists to relay the electron via a downhill
electrochemical cascade where the separated charges (oxidized and reduced) are
more taken away which decrease the charge recombination and simultaneously
enhance the photocurrent response(Figure 9)
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Figure 9. Left: Schematic representation of the internal layer structure of [az-Fe"P2W170e1”- / H2TN(Me) sPhP*]m
film on a ITO substrate in the photo -electrochemical cell and schematic diagram showing electron transfer
processes. Right: Photoelectrochemical response for [H-TPhN(Me)sP*] film (blue curve) [ az-F€"P2W17Os61™- /
H2TPhN(Me)sP*]2s films (red curve) with on -off light illumination from 300 W Xe arc lamp (with | >385 nm long
pass filter) in acetonitrile containing 1z 0.1 mol L* and |- 0.5 mol L% Applied potential:
-0.1 Vvs.SCE.

B) Electrosynthesis of Di- and Poly-porphyrins

The electrochemical properties of porphyrins are now well established. Indeed, it is well
known that the oxidation of the pring of a porphyrin proceeds via two one-electron steps
generating the p -radical cation and the dication. The reactivity of porphyrin p-radical cations
and dications with nucleophilic compounds has also been intensively studied. For instance, a
direct electrochemical oxidation of the A-octaethylporphyrin (OEP) in the presence of
pyridine as Lewis base leads to substitutions of protons by pyridiniums in mesepositions onto
the macrocycle. Mechanism of such mesesubstitutions is based on nucleophilic attacks of the
Lewis bases onto the electrooxidized macrocycle and is described as an ECEC process
(Figure 10). Similarly, such an electrochemical oxidation of the mesetetraphenylporphyrin
(TPP) leads to b-substitutions by pyridiniums. A similar reactivity of the oxidized porphyrins
has also been observed in using phosphanes as nucleophilic groups instead of pyridyl groups.

Furthermore, this method has allowed the electrosynthesis of dimers, and more generally
oligomers, of porphyrins, either in using 4,4’-bipyridine which possesses two nucleophilic
sites, or in using porphyrins substituted by pendant pyridyl group(s). The control of the degree
of substitution of the oligomers obtained is permitted by a judicious choice of the applied
potential or in varying the number of pyridyl groups onto the porphyrin used as Lewis base,



respectively. Then, dimers and oligomers obtained possess pyridinium or viologen spacers
having interesting electrochemical properties (Figures 12-14).

Moreover, this reactivity-type of porphyrins has also allowed the development of an original
and easy methodology for the electropolymerization of porphyrins, in using porphyrins and
species having two nucleophilic sites. Such electropolymerization is performed with iterative
scans by cyclic voltammetry. With this method of electropolymerization, it is possible to
modulate easily the nature of the bridging spacers between the porphyrin macrocycles,
allowing the formation of polymers with specific chemical and structural properties.
Moreover, this novel way of electropolymerization opens up also interesting synthesis routes
for the elaboration of new functional materials. Indeed, for instance, copolymers containing
two different types of porphyrins can be obtained in using porphyrins substituted by pendant
pyridyl groups. Original organic-inorganic copolymers can also be obtained in using
inorganic compounds functionalized by two pendant pyridyl groups. For example, inorganic
compounds such as polyoxometalates, having interesting catalytic properties, can be
employed, the presence of the porphyrin within the copolymer allowing then a
photosensibilization for applications in photocatalysis.
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Figure 10. E;CxmesE-Cs mechanism explaining the reactivity of a pyridine in meseposition of the ZnOEP.



Figure 12. Electrosynthesis of di-porphyrins by electrooxidation of ZnOEP in the presence of 5,10,15-tritolyl-
20-(2-, 3-, or 4-pyridyl)porphyin.
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Figure 13. Electrosynthesis of di-, tri-, tetra- and pentaporphyrins via electrooxidation of ZnOEP in the presence
of free base porphyrin with pyridyl pendant group(s).
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Figure 14. Electrosynthesis scheme of the substituted ZnOEP(bpy),™ macrocycles (n = 1 to 4) and of the
ZnOEP(bpy2+-ZnOEP)n dimer (n = 1), trimers (N= 2), tetramer (N = 3) and pentamer (n = 4).

Moreover, two types of porphyrin copolymer thin films were obtained by the
electropolymerization of zinc-5,15-bis(p-tolyl)porphyrin. Electrogenerated radical cation as
well as dicationic porphyrin are powerful electrophiles which can rapidly react with
nucleophiles such as 1,1"-(1,3-propanediyl)bis-4,4'-bipyridinium hexafluorophosphate salt
(bpy "—«(CHz)3—"bpy-2PF¢") to form copolymers containing stable isoporphyrin radicals or
porphyrins depending of the applied upper potential limit (1.0 V versusl.6 V). Mechanisms
of electrochemical routes to these electroactive copolymers are discussed and proposed as
well as the description of the unusual redox properties of copolymers containing stable
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isoporphyrin radicals. The electropolymerization of the two copolymers was monitored by
electrochemical quartz crystal microbate (EQCM). The obtained copolymers were
characterized by UWis-NIR spectroscopy, Xay photoelectron speocopy (XPS),
electrochemistry, electron spin resonance (ESR) and atomic force microscopy (BikeM).
electrical properties have been studied by electrochemical impedance spectroscopy and the
photovoltaic performances have been investigated by photocurrentransient measurements
under visibleNIR light irradiation. The isoporphyrin radical copolymer exhibited
considerably better photocurrent generation in comparison with the porphyrin copolymer.
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Figure 15. Left: schematic illustration of the energy level diagram for poly-ZnT2isoP”showing electron transfer
processes in H,O containing 13" 5 mmol L! and I' 0.5 mol L' (Py" = pyridinium, P = porphyrin). Right: A)
Current-potential curves of poly-ZnTzisoP" (obtained with n = 10 iterative scans between -1.0 V and +1.0 V)
and poly-ZnT2P (obtained with n = 10 iterative scans between -1.0 V and +1.6 V) thin films on ITO electrodes
obtained in 0.5 M I / 5 mM I, aqueous solution in the dark or under visible illumination. B) and C)
Photoelectrochemical response of poly-ZnTzisoP" and poly-ZnT:P films obtained withn =1, 2, 3, 5, 10, 15, 20
or 25 iterative scans. Measurements has been done under on-off light illumination from a 300 W Xe arc lamp

(with 0 > 385 nm long pass filter) in 13" 5 mmol L' and I 0.5 mol L' aqueous solution. BIAS potential: 0.00 V
vs.OCP.

C) Polyoxometalates Functionalized by Tetrathiafulvalene and Spiropyran Groups

Polyoxometalates (POMs) functionalized by tetrathiafulvalene (TTF) molecules have been
synthesized at the Institut Lavoisier de Versailles, Université de Kailles SaintQuentin
(Prof. P. Mialane, DR. A. Dolbecq et aljy a coupling reaction between the Anderson-type
POMs [MnMogO1s{(OCH2);CNHz}2]> or [AIMosO1s(OH); {(OCH2);CNH2}J*- and the TTF
carboxylic acid derivative (MeS);TTF(S-CH2-CO2H). The mono-functionalized TTF-AlMos
POM contains one TTF group covalently grafted on an Al Anderson platform. The
symmetrical TTF-MnMoe-TTF POM possesses two TTF groups grafted on each side of a
Mn Anderson derivative while the asymmetrical TTF-MnMoe-SP POM contains a TTF and a
spiropyran groups (Figure 16). Their electrochemical and spectroelectrochemical properties
have been thoroughly investigated (Figure 17).
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Figure 16. Schematic representation, abbreviation and synthetic procedures for the three POMs functionalized
by TTF groups. Blue octahedra = MoOs, orange octahedra = MnOg, gray octahedra = AlOe.
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Figure 17. Cyclic voltammogramms (GC electrode) and UV-Vis-NIR spectroelectrochemical study (Pt-grid
electrode) of (MeS);TTF(S-CH,-CO,H) (A,B) and TTF-MnMoe-SP (C,D)

A series of three new polyoxometalate/spiromolecule compounds - including the
(TBA)3[AlMos-SN] (SN = spironaphthoxazine) and (TBA)3;[AlIMos-SP] (SP = spiropyran)
Anderson-type polyoxometalates (POMs) and the unprecedented (TBA)s[P2Wi5V3-SP]
Dawson-type species — has been studied in collaboration with the Insitut Lavoisier de
Versailles (Université de Versailles Saint-Quentin (Dr. O. Oms, Prof. P. Mialane, DR. A.
Dolbecq). These hybrids have been thoroughly investigated by (spectro)electrochemical
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techniques, allowing not only to extract the electrochemical data characterizing these POMs
but also to deeply investigate the redox mechanisms involved, including the dimerization
process occuring during the oxidation step. The solid-state photochromic properties of these

species have been also studied (Figure 18).
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Figure 18. Top: photochromic properties of (TBA)3[AlMos-SP] and of (TBA)s[P2Wi5V3-SP]0 Bellow:
proposed mechanism for the electrochemical processes for ((TBA)s[P2Wi5V3-SP]. Cyclic voltammogramms
(GC electrode) and UV-Vis-NIR spectroelectrochemical study (Pt-grid electrode) of (TBA)s[P2W15V3-SP].

D) Immobilization of polyoxometalates in the metal organic framework
(POM@MOF)

The feature of MOFs, such as their pore sizes, shapes, dimensionalities and chemical
environment can be finely controlled for proposes of the specific applications. Despite the fact
that POMs possess high metal content, they have not been widely used in catalysis domain.
This is due to the low stability of POMs and the lack of accessible active sites in their
structure. Hence, the use of MOFs as a support of POM is considered as an interesting
strategy to develop their applications in catalysis.

Several advantages can be obtained by inserting POM into the cavities of MOF: 1) improve of
the specific surface area of POM; ii) uniform dispersion of POM units in a MOF skeleton; iii)
introduce magnetic POM into MOF can lead to the application as molecular quantum
spintronic devices; iv) allow the selective catalysis as a function of size and easy recycling
after catalytic reactions; v) easily recycling after catalytic reactions.

Several systems of POM@MOF have been investigated. The POM@MOF have been
synthesized at the Institut Lavoisier de Versailles, Unersité de Versailles SairfPuentin
(Prof. P. Mialane, DR. A. Dolbecq et al)Firstly, three different POMs [PW12040]>",
[PW11039]” and [P2W15062]® have been inserted to UiO-67 MOF (UiO for University of
Oslo; Figure 19). The electrochemical properties of POM@MOF have been studied and
compared to the corresponding POM (Figure 20). In the second part, POM
[Fea(FeW9039)2(H20)2]'" (FesWis) has been inserted into three different support: gelatin,
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MOFs MIL-101(Cr) (Material of Institute Lavoisier) and MOF UiO-67, the influence of these
three supports on electrochemical properties of POM has been studied.

~12 A

~14 A

Figure 19. Polyhedral representations of the octahedral cages of (A) UiO-67, (B) [PW12040]> (PW12), (C)
[PW11039]” (PW11) and (D) [P2W15062]% (P2W1s)
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Figure 20. Cyclic voltammograms of (A). R4, (B) PWis@UiO-67 and (C) RPWigtUiO-67 (mechanical
mixing) immobilized on a PG electrode at different scan rate from 0.025 to 1.080(set) plots of kvs. v

for reduction peaks. D) Reduction potentiafseach composite immobilized on PG electrode. Buffer Solution:
pH 2.5 0.5 mol-£Na&SQ, + H,SQ.

This hybrid systems have been extended to
[Z16" O4(OH)4(C14Hs04)s 5][Fesa (FeW9O30)2(H20)2]0.1(DMF)1 - 17H20  (FesW1s@UiO-67)
and [Cr''5(H20)30(02CCH4CO2)3][(FeWoOs30)2Fea(H20)2]0.083(NO3)o.17:30H20

(FesW1s@MIL101-(Cr)) as well as FesWis@Gelatin prepared at the Institut Lavoisier de
Versailles, Université de Versailles Saint-Quentin (Prof. P. Mialane, DR. A. Dolbecq et al).
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Again, the electrochemical properties of POM@MOF have been studied and compared to the
corresponding POM.

A preliminary study of electrocatalysis of the reduction of NOx by immobilizing POM@MOF
on PG electrode has been studied for the reduction of NOy such as NO, nitrite or nitrate An
enhancement of catalytic current is observed showing that POM encapsulated into MOF is
still active for the NOx reduction.

E) Conjugated hybrid films based on a new polyoxotitanate monomer

Electropolymerisation of the novel stable polyoxotitanate (POT) hexamer [Ti(us-
0)(O'Pr)(TA)]s (TA = thiophene-3-acetate) with 3,4-ethylenedioxythiophene (EDOT) gives
films of hybrid conjugated copolymer, Poly-(EDOT-POT)s, the morphologies of which are,
uniquely, influenced by the electropolymerisation potential (Figure 21).

The 3D nanoporous and stable film Poly-(EDOT-POT)-1 (Figure 22) is a promising
electrode material suitable for fast-ion transport and exhibits improved electrochromic
properties (Figure 23) and 35% higher capacitance (102.5 F g') compared to the parent
poly(3.4-ethylenedioxythiophene), PEDOT (75.8 F g-1) at a current density of 1 A g'!. The
properties are confirmed by impedance measurements (Figure 24). This work has been
conducted in collaboration with Prof. C. Zhang and Dr. Y. LU from the College of Chemical
Engineering and Materials Science, Zhejiang University of Technology, Hangzhou.

Figure 21. A) Solid-state structure of POT-1, H-atoms have been omitted for clarity (red = O, gray = C, green =
S, yellow = Ti); B) photographic image of crystals of POT-1. C) Copolymer Poly-(EDOT-POT)-1.
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Figure 22. SEM and element mapping of plane (A) and section (B) of the Poly-(EDOT-POT)-1 film.
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Figure 23. UV-vis spectra of (A) Poly-(EDOT-POT)-1 and (B) PEDOT at applied voltages between 0.8 V and
1.2 V (vs.Ag/AgCl) in 0.1 M TBAH/CH:Cl, solution (insets are the photographs of the corresponding polymer

films on ITO glass).
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Figure 24. Nyquist plots of the impedance spectra of PEDOT (red) and Poly-(EDOT-POT)-1 (black) modified
electrodes measured in 0.1 M LiClO4 acetonitrile solution at 0.156 V and 0.110 V respectively. The symbols
represent the experimental data and the solid lines the fit of the experimental data (A). Equivalent circuit used to

fit the spectra (B).
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F) Photoredox-Switchable Resorcin[4]arene Cavitands: Radical Control of
Molecular Gripping Machinery via Hydrogen Bonding

Molecular grippers feature a binary conformational switch in response to external stimuli
that results in reversible encapsulation of smaller molecules. This behavior makes them
potentially applicable as delivery systems, sensors, receptors, or elements in nanorobotics.
However, the control of molecular machinery by physical stimuli, such as electrical charge or
light, is a prerequisite to their application. We therefore developed in collaboration with Prof.
F. Diedrich and Dr . Jpbotoradoxawitdhible indleculgr Erippdrs
based on resorcin[4]arene cavitand platforms equipped with alternating quinone (Q) and
quinoxaline walls carrying hydrogen bond donating groups, which were inspired by the role
of semiquinones (SQ) in natural photosynthesis (Figure 25). The SQ state was generated
electrochemically via cyclic voltammetry and photochemically by using [Ru(bpy);]** as a
photocatalyst.

Figure 25. Schematic representation of the (a) photosynthetic reaction center of Rb. sphaeroide6PDB 1DV3)
that inspired the design of (b) the switching concept of the photoredox-switchable molecular grippers.
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Figure 26. (a) and (b) UV/Vis spectroelectrochemical study of 6 at ambient temperature upon electrochemical
reduction in 0.1 M n-BusNPFg in CH,Cl, in the potential region of the first reduction step at scan rate of 20 mVs
. Inset shows the corresponding CV at scan rate of 20 mVs™'. (c) Evolution of the UV/Vis spectra recorded
during reduction in CH,>Cl, of 6 over several redox-switching cycles demonstrate the reversibility of the redox
interconversion.
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The properties were studied by UV-Vis spectroelectrochemistry, EPR, ENDOR, and
transient absorption spectroscopy, in conjunction with DFT calculations.

It was shown that these systems adopt an open
conformation in the oxidized Q state until redox

I - I interconversion to the paramagnetic SQ radical anion
-~ =
L‘F‘A‘!'WEZ

provides the stabilization of the closed form through
hydrogen bonding. The SQ state was generated
electrochemically and photochemically, whereas
properties were studied by UV/Vis

. spectroelectrochemistry  (Figure  26), transient

absorption, and EPR spectroscopy. This study
\w demonstrates a photoredox-controlled conformational
g ' switch towards a new generation of molecular

v \Iw\f grippers.

The tunable magnetic properties and enhanced binding affinities of the grippers, along with
high reversibility and responsiveness to electrical and electromagnetic stimuli, set the stage
for a new generation of artificial molecular machines and devices based on this switching
concept in the future.

G) Flexible Viologen Cyclophanes

The ability of bis-viologen cyclophanes to act as redox triggered contractile switches is
investigated by EPR and electrochemistry in collaboration with DR. Jean Weis (group
CLAC, Institute of Chemistry, UMR 7177) Comparative electro- and spectro-
electrochemical studies of flexible cyclophane with different linkers show that the
development of intramolecular interactions in aqueous solution depends on the length of the
bridges (Figure 27). Comparative spectro-electrochemical studies of this macrocycle with two
other pentyl- or heptyl-linked cyclic bis-viologens show that the development of
intramolecular interactions in aqueous solution depends on the length of the bridges. This
dependence is confirmed by EPR and DFT studies of the magnetic coupling in the diradical
dication species.

30 2Cl4 10 2Cl4
0.08 l s
2 ‘E,Z =
X .10
10 | 151
L
A 075 -050 -0.25 000 025
0 — iR 1 E (V) vs AgCIAg
| 1/ \ Tt TI-dimer
10 1A \ o
A /AN v
4 02 00

o
=3
E

| (nA)

Absorbance

o
o
53

3420 3430 3440 3450
200 400 600 800 1000 1200 1400 Magnetic Field (G)
B (v)/AgClAg Wavelength (nm)

T

T T T T
-1.2 -1.0 08 -08 0.

+ /= =+ 4PFg Z - I; " +f —
/‘/NO_@ N % } = :_;-\> <'_:.:N_
l ‘ 1(PFg)sn=5 — ' - -

(CHa), (CHy), 2(PF§):n=6 =S - : N
\ = _ ) 3(PFglsn=7 “"*,@ i . _NM -
N N~ # 9 | =
WA W L(}l = it

Figure 27. Cyclic voltammogram, UV/Vis/NIR monitoring of p-dimer formation for cyclophanes 2Cls and X-
band EPR spectrum of 2Cls™ in H,O containing 0.1 mM KCI.

H) High stable radical cation Viologen
Functionalization of a methylviologen with four methyl ester substituents significantly
facilitates the first two reduction steps. The easily generated radical cation shows markedly

19



improved air stability compared to the parent methylviologen, making this derivative of
interest in organic electronic applications (Figure 28).

This work has been done in collaboration with the CLAC group of the Institute of Chemistry
(DR. Jean Weiss and Dr. J. Wytko).
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Figure 28. Left: X-band EPR spectrum of 1** (a) in CH3CN; (b) simulated spectrum. Middle: CV (a) and
rotating disk electrode voltammetry (b) of 1>* and MV?" in CH;CN + 0.1 M TBAPFs. (a) v = 0.1 V/s; (b) v =
0.02 V/s, rotation: 1000 rpm. Right: UV-Vis-NIR spectroelectrochemical study of 1** upon electrochemical
reduction in the potential region of the first and second reduction step(s). Inset shows the corresponding CV at a
scan rate of 10 mVs™'. (a) Differential UV-Vis-NIR spectra recorded during the reduction first reduction step. (b)
Evolution of the UV-vis-NIR spectra of 12* over several switching cycles upon electrochemical reduction in the
potential region of the first and second reduction steps illustrating the reversibility of the 12*/1- * interconversion.

I

I) Electrochemical properties of [SiWoO3s(M202E2)]¢ polyoxometalate series (M
Mo(V) or W(V); E=S or O)
The electrochemical studies performed in DMF on three iso-structural and iso-electronic
compounds of general formula g [SiW10036(M202E»)]*, which differ either by the nature of
the metallic centers (M = Mo(V) or W(V)) or by the nature of the bridges between Mo(V)
atoms (E = O* or S*) were performed (Figure 29).

Spectroelectrochemistry IR

[SIW,0036(M;0,E;)1% E
(M = Mo or W and E =
=0 orS).

(81W10-Moz04)
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Figure 29. Left: Cyclic voltammograms at a glassy carbon electrode (v = 0.1 V s7!) for 0.3 mM solutions of the
three compounds {SiW10-Mo0204} (a), {SiW10-Mo020:S2} (b), and {SiW10-W20:S2} (c) in dry DMF 0.1 M
LiClO4 as the supporting electrolyte. Right: IR spectroelectrochemistry in room temperature OTTLE cell
recorded during the oxidation at +0.345 V vs SCE of {SiW10-Mo0204} (a), at +0.345 V vs. SCE of {SiW1o-
Mo020:82} (b) or at +0.345 V vs. SCE of {SiW10-W20:S2} (c¢). ¢ =0.1 mM in DMF + 0.1 M LiClOg. Full line:
before oxidation, dotted red line: after oxidation.
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Interestingly, cyclic voltammetry experiments performed in dry DMF reveal electrochemical
processes both in oxidation and in reduction modes.

The nature of these processes are studied and elucidated by various electrochemical
techniques such as coulometry, rotating disk electrodes, spectro-electrochemistry (IR and UV-
Vis), NMR and DFT calculations. For the three POMs, the reduction is centered on the SiW 1o
moiety with a significant effect of the nature of the (M202E2)*" core on the reduction potential
of the WV! centers of the POM. The oxidation process focuses on the (M202E2)*" core. This
process is centered on the Mo(V) or W(V) atoms which are oxidized into Mo(VI) or W(VI)
concomitantly with the M-M bond cleavage.

J) Communication in Multi -porphyrins

The periphery of porphyrins can be modified and various functions containing heteroatoms
(N, O, S, etc.) can be introduced (Figure 30). The new exocyclic chelates can be used for
stepwise formation of dimer, trimers, ... and the corresponding species are investigated by
electrochemistry, spectroelectrochemistry and EPR to evaluated the degree of communication
between the metal centers (collaboration with the CLAC and POMAM groups, Insitute of
Chemistry).

The synthesis has been conducted by Dr. Romain Ruppert (CLAC group, Institute of
Chemistry).

Ar

hVi¢ 4b
Ar
Ar O -I -I T T
1b: M =Pd 5
4b: M =Pt E (V) vs. Fc'/Fc

Ar = 4-(t-Bu)CeH,

Figure 30. Left: Structures of the nickel(I)porphyrin monomer 3b and Pd- or Pt-linked dimers 1b and 4b. Right:
Cyclic voltammograms of nickel(II)porphyrin monomer 3b and of porphyrin homodimers 1b (Pd-linked) and 4b
(Pt-linked).

G) PolyoxovanadatelodoBodipy Supramolecular Assemblies: New Agents for High

Efficiency Cancer Photochemotherapy
Two novel polyoxovanadate-iodoBodipy supramolecular assemblies, named as (2I-BDP-
Cs)2Ves and (2I-BDP-Cs)3V 10, were first synthesized by self-assembly of anionic hexavanadate
and decavanadate with cationic iodoBodipy for photochemotherapy, respectively. The
mechanisms for synergistic photochemotherapy of anion-cation pairs were forced on. In
particular, (2I-BDP-C¢)3Vio is the first example of polyoxovanadates used for
photochemotherapy which can effectively kill lung cancer cells (HepG2) by synergetic

chemotherapy as well as photodynamic therapy.
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This work has been conducted with the collaboration of Prof. Yongge Wei from Tsinghua

University, Beijing.

a. The molecular structure of
(2I-BDP-C;),V

) —_—
CF;COOH, DDQ,
DIEA, BFyEt,0

(2I-BDP-Cy)Br

)
S
@ ';\

Figure 31. The synthetic route (2I-BDP-C¢), Vs and (2I-BDP-C¢)3V 0. @, molecular structure of (2I-BDP-C)> Vs,
H atoms are omitted for clarity. Color code: V - orange, O - red, N - blue, C - grey, B - yellow, F - green and I -
purple; b, SEM image of (2I-BDP-Cs)3V 0.

H) Electrocatalysis& NOxRR

In this topic, metal or alloy 3D foams have been synthesized using dynamic hydrogen bubble template and

thiocyanate-based deposition bath. The material was used as electrocatalyst

ChemCatChem

for nitrous acid (HNO;) reduction where the in situ formed nitric oxide (NO)
reduction becomes the predominant step when the potential is decreased even
further, comparing to flat polycrystalline electrode. Ag foam preferentially
reduces the in situ formed NO into N»O, in all tested electrolytes, if the same
potential range is considered. The initial reduction of HNO; into NO is better
evidenced after the partial removal of thiocyanate species. Finally, the use of
isotope >N in the nitrite salt and of a flow thin layer cell enabled the
detection of nitrogen among other gaseous products for both silver foam and

flat silver electrode. Operendo measruments has been follow by Differential

Mass Electrochemical Spectroscopy (DEMS) using setup developed in our

laboratory.
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I) Environmental Phatocatalysis

The photocatalytic recovery of noble metals on photosensitive
semiconductors such as TiO; is well-established for forming M/TiO2 but has
notable drawbacks. TiO, suffers from low conversion efficiency due to
significant recombination of photogenerated electron—hole pairs.

Its wide energy band gap (3.2 eV) also restricts excitation to high-energy UV
light, limiting its use with solar energy. This study proposes an efficient
alternative using hybrid polyo xometalate (POM)—porphyrin copolymers for
the photocatalytic recovery of Ag and Pt under visible light. Copolymeric
films composed of hybrid polyoxometalates and porphyrins have been
obtained by the electrooxidation of 5,15-(di-p-tolyl)porphyrin (H,T>P) or
2,3,7,8,12,13,17,18-octaethylporphine zinc(Il) (ZnOEP) together with Keggin

Inorganic Chemistry
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or  Wells—Dawson-type organosilyl polyoxophosphotungstate ([PW11S12040C26H16N2] TBA3 or

[P2W17S1,062C26H16N2]TBAg). In these films, porphyrin subunits can be excited under visible illumination,

acting as photosensitizers that transfer electrons to the polyoxometalate catalysts. Notably, POM—porphyrin

films demonstrated high efficiency in Pt(IV) photoreduction over repeated cycles without catalyst degradation.
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