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ABSTRACT Unprotected mononuclear PMP-pyrene copper complexes were designed to be
immobilized at multi-walled carbon nanotube (MWCNT) electrodes and form dinuclear bis(p-
phenolato) complexes on surface. These complexes exhibit high ORR activity of 12.7 mA cm™
and onset potentials of 0.78 V vs. RHE. The higher activity of these complexes, as compared to
mononuclear complexes with bulkier groups, is induced by the favorable early formation of a

dinuclear catalytic specie on MWCNT.



Achieving oxygen reduction reaction (ORR) without using precious metal catalysts is of
tremendous importance to develop fuel cells on an industrial scale. Platinum still remains the state-
of-the-art catalyst able to perform the challenging four electron /four proton oxygen reduction to
water at low overpotential in proton-exchange Membrane Fuel cells (PEMFCs).! In Nature, the
four-proton/four electron ORR is perfectly achieved at the trinuclear copper cluster of multicopper
oxidases such as laccases or bilirubin oxidases. >> When favorably immobilized at electrodes,

these enzymes performs ORR at similar overpotential as compared to Pt*®

. However, such fragile
catalysts are not meant to be integrated in PEMFCs. This have driven molecular chemists to
mimick these multicopper active sites to achieve low overpotential ORR? 3. We and other have
particularly investigated the immobilization of these bioinspired catalysts at electrode surfaces in
order to achieve ORR in water. 138 In particular, carbon-nanotube (CNT)-based electrodes are
highly conductive, provide ease of functionalization strategies to immobilize redox molecules, and
allows the integration of molecular catalysts in functional devices.! > However, only few copper
complexes have shown ORR activity at acidic pHs, a prerequisite for their integration in PEMFCs
where a proton-exchange membrane such as Nafion is used.!®!*!62426 In this regard, most
examples of mononuclear and dinuclear copper complexes have shown the importance of the
presence of at least two copper centers to achieve efficient ORR.!>!"*” The dicopper catalytic
intermediate has been either introduced via ligand design or has been either formed on the
electrode surface during O activation. In this respect, we recently designed mono- '® and di-

copper-phenolato'® complexes based on pyrene-modified (bispyridylaminomethyl)methylphenol

(PMP-pyrene) tripodal ligands. These complexes, bioinspired by the active site of galactose



oxidase and tyrosinase, were immobilized at Multi-walled CNT (MWCNT) electrodes owing to
the pi-pi-stacking interaction of a pyrene moiety, introduced in the ligand, with MWCNT
sidewalls. These functionalized nanostructured hybrid electrodes achieved close performances
towards ORR, suggesting the participation of two copper centres in both the mononuclear and
dinuclear species.

In order to further progress in the understanding of this multicopper ORR catalyst family, we
turned, in this work, to unprotected mononuclear PMP-pyrene copper complexes, prone to form
dinuclear intermediates. Herein, we describe a new family of dicopper complexes immobilized at
the surface of Multi-Walled CNT (MWCNT) electrodes. We previously observed that the PMP
ligand without bulky groups at the ortho position of the phenol ring is prone to form dinuclear
specie with a bisphenolate Cu2N>O; core in solution.”® These dimers, based on pyrene ligands, are
derived from the previously-described MePMP®"-pyrene tripodal ligand.'®* We decided to
decrease the steric bulk in the phenolic ortho position in order to favor dimerization of copper
complexes by formation of a favorable phenolate/oxo bridge known to be involved in the catalytic
mechanism of many mono and dinuclear copper complexes. We herein describe these complexes
based on the HPMP-pyrene and MePMP-pyrene ligands (Scheme 1). Furthermore, we compare
them with the mononuclear derivative CF3PMP®"-pyrene in which a CF3 was introduced in order

to shift redox potentials of this series towards more positive potentials.



R =H, R'= H: HPMP-pyrene

R =H, R'= Me: MePMP-pyrene

R = tBu, R' = Me: MePMP*®U-pyrene
R =tBu, R' = CF5: CF;PMP®U.pyrene

Scheme 1. Structures of the ligands

The complexes strongly interact with the CNT sidewalls owing to well-characterized n—mn
interactions between pyrene groups and the pi-extended network of CNT walls. Their

electrochemical characterization, as well as their ORR activity are presented.

The ligands HPMP-pyrene, MePMP-pyrene and CF3PMP®"-pyrene were prepared in a
similar way than the previously reported MePMP®"-pyrene (see ESI).!® The synthesis is based
on the reductive amination of the aldehyde tripod precursor by a pyrene-putrescine conjugate. The
copper complexes were formed upon reaction of the ligand with one molar equivalent of copper(1I)
salt. The speciation of the in sifu generated copper complexes was investigated by pH titrations in
the pH; range 2-7, with UV-Vis monitoring (detailed spectral properties are listed in Table S1) %°.

At pHs close to 2 the complexes appear blue, with a visible spectrum that mainly displays a low



intensity band (ca.650 nm) assigned to copper(Il) d-d transitions. No significant substituent effect
was detected, confirming a similar environment around the copper. Increasing the pHs results in
the growing of a higher intensity band at ca. 440 nm, with precipitation above ca. pHs = 6.
Refinement of the titration data points to an ¢ value larger than 300 M! cm™ for this more intense
band, which supports its assignment as phenolate-to-copper charge transfer (CT) transition. The
corresponding phenol’s pKa, was estimated to 4.3+0.3 and 4.940.3 for [Cu(MePMP-pyrene)] and
[Cu(HPMP-pyrene)], respectively. Here the large standard deviation resulting from early
precipitation does not allow for a clear appreciation of the substituent effect. This pKa value is
however significantly higher than for the dinuclear [Cu2(BPMP-pyrene)],”® suggesting a less
electropositive environment around the phenolic oxygen (coordination to one instead of two
copper ions). For [Cu(CF3PMP®"-pyrene)] the pKa was found to be remarkably lower
(2.41£0.04) than for [Cu(MePMP®"-pyrene)| due to the strong electron withdrawing effect of
the CF3 group.

The EPR spectra recorded at pHs < pKa — 1 and > pKa + 1 both display the features of an (S =
1/2) system with copper hyperfine splitting.* Double integration of the signal confirms, within the
accuracy of EPR (= 10%) the mononuclear nature of the complexes under both their phenol and
phenolate forms. This behaviour is reminiscent of copper(Il) complexes of tripodal ligands in
aqueous medium,”® whereby a water molecule completes the coordination polyhedron in order to
achieve a mononuclear square pyramidal geometry. It must be emphasized at this point that
hydrophobic phenolate derivatives assemble as dimers in the solid state and concentrated or non-
coordinating organic solvents.?®3! Hence despite the observation of monomers in diluted aqueous

medium, the formation of dimers under other conditions cannot be ruled out.
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Scheme 2. Protonation and dimerization equilibria of the complexes (Ex = exogenous solvent, X

= counter-ion, R = CHO or putrescine-pyrene chain, R’ = H or Me)

In order to confirm this hypothesis, we conducted crystallization assays of the copper complexes
both in the presence of base or not. Crystallization of the pyrene appended complexes was not
successful, presumably due to the flexibility of the putrescine linker, but crystals were isolated
from the aldehyde precursors (in these precursors the aldehyde function replaces the pyrene-
putrescine chain). The X-Ray crystal structures are depicted in Fig. 1 for three representative
complexes. Complex [Cu(HPMP-CHO)(CH3CN)]*" was prepared from [Cu(ClO4)2].6 H2O in
CH3CN and crystallized by slow diffusion of diethyl ether. This blue complex (color associated to
d-d transitions) is mononuclear and comprises a phenol unit whereby the oxygen atom weakly
binds in the apical position (Cu-O1 bond distance of 2.500 A) of a Jahn-Teller distorted octahedral
copper ion. The opposite position is occupied by a perchlorate counter-ion coming from the copper
salt, again weakly bound (Cu-O2 bond distance of 2.472 A). The equatorial plane is defined by
the tertiary amine, two pyridines and one exogenous acetonitrile molecule, with Cu-N bond

distances in the 1.980-2.031 A range. In the presence of triethylamine dark green crystals of



[Cu2(HPMP-CHO):]*" were obtained (color due to the phenolate-to-copper CT transition). X-Ray
diffraction reveals a dimeric complex wherein the two copper centers Cu and Cu’ are bridged by
two p-phenolate units. The copper ion is pentacoordinated, with two p-phenolato oxygens O1 and
O1’ and three N atoms for the pyridines and the tertiary amine. The geometry is intermediate
between square pyramidal (with one apical p-phenolate oxygen donor) and trigonal bipyramidal,
as demonstrated by a tau index of 0.37. 3 As expected the Cu-O1 and Cu-O1’ bond distances are
shorter than in [Cu(HPMP-CHO)(CH3CN)]** (1.936 and 2.223 A) due to deprotonation.
Complex [Cu(CFsPMP®BU-CHO)(CI)] was prepared from a copper chloride salt ([CuCl,].2 H,0)
in the presence of triethylamine. It demonstrates a square pyramidal mononuclear copper complex
(tau = 0.07), with the trifluoromethylpyridine coordinated in axial position (Cu-N2 bond distance
of 2.561 A) and the phenolate strongly bound in equatorial position (Cu-O1 bond distance of 1.882
A). The equatorial plane is completed by the two N-donors of the ligand, as well as one chloride
ligand from the copper source.

[Note: In order to verify the versatility of the nuclearity of the compounds and their
interconversion in CH3CN we conducted titration experiments (see ESI). We titrated a CH3CN
solution of [Cu2(HPMP-CHO)2]** by HCIO4. At one molar equivalent added (with respect to
copper) the spectrum matches that of single crystals of [Cu(HPMP-CHO)(CH3CN)]** dissolved
in CH3CN (ESI). Conversely, titration of [Cu(HPMP-CHO)(CH3CN)]** by NEt; produces, at
one molar equivalent added, the spectrum of [Cuz(HPMP-CHO):]**. Remarkably, titration of
[Cu(MePMP-CHO)(CH3CN)]** by NEt; produces, at one molar equivalent added, a spectrum
distinct from that of [Cuz(HPMP-CHO):]**, with some features reminiscent of the pyrene
derivatives in water at pH 6, demonstrating partial formation of a monomer. EPR monitoring

confirms that [Cuz(HPMP-CHO):]*" is EPR-silent (magnetic coupling between the copper



centers), and both [Cu(HPMP-CHO)(CH3CN)]*" and [Cu(MePMP-CHO)(CH3CN)]** are
isolated (S = %) systems. The spectrum of [Cu(MePMP-CHO)(CH3CN)]** in the presence of one
molar equivalent of NEt3 added shows a loss of ca. 70 % in intensity, which suggests the presence
of'a mixture of monomer and dimer in solution. We interpret this behaviour by an easier formation
of the dimer in the less coordinating acetonitrile (with respect to water) when the ligand features
unsubstituted pyridines only. The introduction of a methyl substituent enhances the steric
hindrances that further destabilize dimeric structures.]

Hence these combined aqueous solution and solid state data support a dynamic equilibrium,
whereby the monomeric phenolate form can be converted into a dimeric form by exogenous ligand
release (Scheme 2). This equilibrium shifts towards the monomeric form if the phenolate features
a steric bulk in ortho position, or if strongly ligating counter-ion or solvent is used. Conversely,
the dimeric form is favored upon concentration (crystallization or surface effect, see below), in

less coordinating solvents, and for non-tert-butylated phenolates.?®>!



Figure 1. X-ray crystal structures of (a) [Cu(HPMP-CHO)]** (ClO4) and (b) [Cu2(HPMP-
CHO)2)*" and (c) [Cu (CF3PMP®B'"-CHO)(CI)]. The hydrogen atoms (except the phenolic ones)

are omitted for clarity.

Multi-walled CNTs (MWCNTs)-coated glassy-carbon (GC) electrodes were then modified with
the pyrene-appended complexes by in situ formation of the complex in a DMF/H>0 mixture (1:1
v/v) through addition of two equivalents of [Cu(ClO4)2].6 H20 to a solution of the corresponding

PMP-pyrene derivative. Next, MWCNT electrodes were soaked in this solution for 45 min. The
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electrochemical behavior of the modified MWCNT electrodes were then investigated by cyclic
voltammetry (CV) under argon between pH 3 and pH 9 using a 0.1 M Britton-Robinson buffer

solution (Fig. 2).
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Figure 2. (A) CVs of [Cu(CFsPMP®"-pyrene] (black), [Cu(MePMP-pyrene)] (red) and
[Cu(HPMP-pyrene)] (blue), (straight line) immobilized on the MWCNT electrode collected at
pH 9 (0.1 M Britton Robinson buffer) under argon (v= 10 mV s') ; (B) Corresponding
experimental and fitted (gray dashed line) evolution of the redox potential of the Cu"/Cu' redox
couple for as a function of the pH for of [Cu(CF;PMP®"-pyrene] (@), [Cu(MePMP-pyrene)]
(A) and [Cu(HPMP-pyrene)] (W) , The geometrical surface of the electrode (0.07 cm™2) was used

to calculate current densities.

11



A quasi-reversible redox system is observed at Ei» = -0.09 V vs SHE at pH 9 for
[Cu(CFsPMP®"-pyrene] and Ei» = -0.19 V vs. SHE for both [Cu(MePMP-pyrene)] and
[Cu(HPMP-pyrene)]. This redox system is assigned to the Cu'’/Cu! redox couple. As expected, a
shift of 100 mV towards more positive potential is observed for [Cu(CF;PMP®"-pyrene]. A
second oxidation system at more positive potentials is observed for all complexes when decreasing
the pHs (figure S19). This system becomes prevalent at low pH for the [Cu(CF;PMP®"-pyrene].
Furthermore, this system is also increased at lower scan rates. This EC-type mechanism has
already been observed for the previously-described [Cu(MePMP®"-pyrene] and might
correspond to the electrochemically-induced protonation of the phenolate into phenol. 7%,

The pH dependence was monitored for the three complexes (Fig. 2B). [Cu(CF:PMP® "-pyrene]
exhibits a typical linear behavior with a slope of 53 mV per pH unit, which corresponds to a 1H"/1¢”
redox couple, very similar to the [Cu(MePMP®U-pyrene] derivative. On the contrary, both
[Cu(MePMP-pyrene)] and [Cu(HPMP-pyrene)] exhibit a pH dependence which was

confidently modeled by eq. (1):

(]
[Kqred]

2.3RT
+

Eijz = Eyjpp(Cu™", o) +=

*log(1+ ) (1)

Where R is the gas constant, T the temperature, F the Faraday constant and n the number of
electrons involved in the redox system. Ko™ is the proton dissociation constant for the reduced
form and E12(Cu') is the limiting value of E12 at pH above pKa"!. This fit is well-modeled using
n = 2. This corresponds to a slope of 30 mV between pH = 3 and pH = 9 and strongly supports the
presence of a dinuclear Cu(Il) species immobilized at the electrode surface, which structure may
be reminiscent of the dimers crystallized from the aldehyde precursors (see above). This pH
dependence also indicates the presence of an acid-base couple for the reduced Cu(I)-Cu(I) species

with a pKa" of 7.8 + 0.3 (R? = 0.98), corresponding to the deprotonated Cu(I)-Cu(I) species at

12



high pH. The electrochemical behavior of [Cu(MePMP-pyrene)] and [Cu(HPMP-pyrene)] are
very similar, indicating that the presence of the methyl group has negligible influence on the
electronic environment of Cu(Il) for the complexes in water. Scheme 3 summarizes the proposed
structures of the redox couple involved in the pH dependent evolution of the Cu'/Cu' redox

potential.

Scheme 3. Schematic representation of the proposed immobilized complex redox couple. The

amines of the putrescine linker might be protonated depending on the pH

From the integration of the charge under the reduction peak and taking into account the monomer
form for all complexes, a surface coverage of 0.42, 0.70 and 0.96 nmol cm™ were measured for
[Cu(CF3:PMP®U-pyrene)], [Cu(HPMP-pyrene)], [Cu(MePMP-pyrene)] and [Cu(HPMP-
pyrene)] respectively. Furthermore, studies at different scan rates indicate a linear dependence of

both anodic and cathodic peak currents in respect to scan rates. In addition, the fact that the CVs
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are stable over multiple scanning confirms the stable immobilization of the series of complexes on
MWCNTs.

The immobilization of these complexes was further confirmed by X-Ray Photoelectron
Spectroscopy (XPS). XPS were performed for [Cu(CF:PMP®"-pyrene)] and [Cu(MePMP-
pyrene)] (Figure S20). The presence of copper complexes for [Cu(CFsPMP®'-pyrene)] at the
surface of MWCNTs is indicated by the peaks at 933 and 952.7 eV, corresponding to the Cu 2p1/2
and 2p3/2 binding energy, respectively. This value, as well as the absence of satellite peaks
suggested that Cu(Il) is fully reduced into Cu(I) under the X-ray beam.!”?® In the case of
[Cu(MePMP-pyrene)], in addition to the peak corresponding to Cu(I), two peaks are observed at
934.8 and 954.2 eV for Cu 2p1/2 and 2p3/2 respectively, accompanied with a satellite peak at 944
eV. This is indicative of the presence of both Cu(Il) and Cu(I) at the surface of MWCNTs. This
suggests that a partial reduction (50 %) of Cu(Il) into Cu(I) occurs for [Cu(MePMP-pyrene)] as
compared to [Cu(CFsPMP®"-pyrene)]. This might be expected since [Cu(CF3PMP®"-pyrene)]
is easier to reduce according to redox potentials measured by electrochemistry. Integration of the
N 1s energy level observed at 400 eV gives an estimation of the ratio N/Cu of 5.6 and 5.0 for
[Cu(MePMP-pyrene)] and [Cu(CFsPMP®"-pyrene)] respectively, close to the expected
theoretical value of 5.

The ORR activity of the modified hybrid MWCNT electrodes was next investigated by CV and
Rotating-Ring-Disk Electrode (RDDE) experiments in the presence of O». Figure 3 displays CV
performed in the presence of O, for all modified MWCNT electrodes and a nonmodified MWCNT

electrode.
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Figure 3. (A) CVs of pristine MWCNT (black) and [Cu(CFsPMP®"-pyrene] /MWCNT (red)
electrode under (a, dashed line) Ar and (b, straight line) O (0.1 M Britton Robinson buffer, pH
4, v=10mV s) (B) at pH 9; (C) CVs of [Cu(MePMP-pyrene)|/MWCNT (red) and [Cu(HPMP-
pyrene)|/MWCNT (blue) electrode under (a, dashed line) Ar and (b, straight line) Oz (0.1 M

Britton Robinson buffer, pH 4, v=10 mV s’') and (D) pH 9

All complexes exhibit ORR electroactivity between pH 4 and pH 9 (Fig.3A and B). The onset
potential measured by Tafel plot analysis decreases linearly with increasing pH, with a similar
slope of around 30 mV per pH unit for all complexes (Fig. S21A and B). This is consistent with a
2¢/1H" limiting step that might involve a stable, coordinated, hydroperoxo species.'*171234, Onset
potentials of 0.70, 0.74 and 0.78 V vs. RHE and maximum current densities of 4.3, 5.4 and 12.7

mA cm were measured for [Cu(CF;PMP®"_pyrene)], [Cu(MePMP-pyrene)] and [Cu(HPMP-
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pyrene)|, respectively. According to respective surface coverages, maximum turnover
frequencies (TOF) of 36, 21 and 26 s could be determined for [Cu(HPMP-pyrene)],
[Cu(MePMP-pyrene)] and [Cu(CF3PMP®'-pyrene)]/ MWCNT electrode respectively. The
amount of H>02 and the number of electrons involved in ORR were quantified by RDDE (Figure
S21C). Low amounts of H,O, of 6, 22 and 15 % were measured for [Cu(CF;PMP®"-pyrene)],
[Cu(MePMP-pyrene)] and [Cu(HPMP-pyrene)] respectively. According to RRDE experiments,
all complexes exhibit a 3.6-3.8 electron mechanism towards ORR. The ORR performances of this

family of complexes are summarized in table 1.

Table 1. ORR Electrochemical characteristics of the hybrid nanostructured electrodes

IMax (nmol cm?) | TOF (s™) % H202 1 electrons
Cu(CF3;PMP®U-pyrene)] 0.42 (+/-0.05) 26(+/-8) 6(+/3) 3.8 (+/-2)
[Cu(MePMP-pyrene)] 0.70(+/-0.05) 20 (+/-5) 22 (+/-4) 3.6 (+/-1)
Cu(HPMP-pyrene)] 0.92(+/-0.05) 36(+/-5) 15(+/-5) 3.7 (+/-1)

[Cu(HPMP-pyrene)] displays the highest catalytic performances towards ORR between pH 4
and pH 9. These results shows that the less-protected mononuclear copper complex is highly
efficient towards ORR. The fact that [Cu(CF3:PMP®"-pyrene)] exhibits similar overpotentials and
low H20: production suggests that the catalytic species also involves a Cuzx-O2 adduct, as it was
hypothesized for different types of surface-confined mononuclear copper complexes. !¢ 183 It is
noteworthy that the shift of redox potential observed under Ar for [Cu(CF3PMP®"-pyrene)] is
not translated for the catalytic species under O2. This absence of effect of the redox potential of

the Cu"/Cu' couple on the ORR overpotential is also observed for the tris(2-pyridylmethyl)amine

copper complex adsorbed on carbon black.®> In the case of [Cu(MePMP-pyrene)] and
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[Cu(HPMP-pyrene)] we observed twice-higher catalyst loadings as compared to
[Cu(CFsPMP®"-pyrene)], which might suggest that dimerization favor the immobilization of the
copper complexes on MWCNT sidewalls. This allows for current densities as high as 12.7 mA cm”
2 for [Cu(HPMP-pyrene)]. In the light of the results obtained for the dinuclear copper complex
based on a HBPMP-type ligand!® (Scheme 4) which shares structural similarity with the dimers
herein proposed, we propose a dinuclear catalytic species on MWCNT despite mononuclear

structure in aqueous solution (scheme 4).

Scheme 4. Structures of the possible catalytic O>-adduct for (A) the copper complexes derived
from PMP-pyrene and for (B) the dinuclear copper complex derived from HBPMP-pyrene

ligand"

Dimerization of the complexes favors the activation of Oz upon reduction, which is concomitant
with the decoordination-protonation of one phenolate group. Best performances were obtained for
the derivative bearing no bulky groups, which confirms that unprotected ligands favor early
surface-confined dimerization of the complex and favorable subsequent oxygen binding.

Furthermore, the increased onset potential and increased TOF (72 s™! if the dimer is taken as the

17



catalytic species) for [Cu(HPMP-pyrene)], as compared to the dinuclear copper complex with
HBPMP ligand (Eonset = 0.71 V, TOF = 39 s7!),!° might arise from the presence of a second phenol
group which act as a proton relay in the ORR mechanism. For comparison, in terms of ORR
overpotential, it is still below several copper-complex-based based on a polyvinylimidazole or
tris(pyridin-2-ylethyl)amine ligands , reaching respective onset values of 1.05 V (pH 13)3% and 0.81
V (pH 10)®. Other dinuclear Cu complexes with tris(pyridin-2-ylmethyl)amine, 2° substituted
phenanthrolines®*+, hexaazamacrocycles or % aminotriazoles, exhibit onset potentials between
0.65-0.73 V vs RHE at neutral pH. This demonstrates that further improvements are still possible

in this series.

In conclusion we describe a new family of unprotected phenolato-copper complexes bearing
pyrene groups. Their successful immobilization on MWCNT electrodes induces their dimerization
on surface. As compared to mononuclear complexes with bulkier groups or dinuclear complex
with structural similarities, electrochemical studies demonstrate the enhancement of ORR activity
of this family of complexes, owing to this early dimerization process. These hybrid nanostructured
electrodes exhibit high efficiency towards ORR. Future studies will be aimed at tuning the
electronic environment of copper centers as well as tuning the nature of proton relays in order to

decrease the overpotential of this family of complex towards ORR.

Supporting Information. Experimental details, Table S1-S2, and Figure S1 to S21
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