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Abstract: An original copper-phenolate complex, mimicking
the active center of galactose oxidase, featuring a pyrene group
was synthesized. Supramolecular pi-stacking allows its efficient
and soft immobilization at the surface of a Multi-Walled
Carbon Nanotube (MWCNT) electrode. This MWCNT-sup-
ported galactose oxidase model exhibits a 4 H"/4e~ electro-
catalytic activity towards oxygen reduction at a redox potential
of 0.60 V vs. RHE at pH 5.

The design of electrocatalysts for the oxygen reduction
reaction (ORR) currently drives a considerable interest. This
stems from the increasing demand for new cathodic electrode
materials employing non-noble metals for application in fuel
cell technologies, which overcome slow kinetics inherent to
the complete 4H"/4e~ oxygen reduction to water. In nature,
dioxygen reduction is managed by copper metalloenzymes,!'~!
which then represent a formidable challenge for chemists to
emulate.**! This reaction is involved in the oxidation of
alcoholic substrates of the copper oxidases. In these enzymes
the copper ion only shuttles between its Cu(II) and Cu(I)
oxidation states during turnovers because trivalent copper is
not thermodynamically accessible under biological condi-
tions. Consequently, the number of copper atoms present in
the protein often matches the number of electrons involved in
dioxygen reduction.” Perhaps the most representative exam-
ples are catechol oxidase and laccases, which perform the two-
electron reduction of dioxygen at a binuclear active site and
four-electron reduction of dioxygen by using a 3 4 1 arrange-
ment of copper centers, respectively. Galactose oxidase is
a particular case of a two-electron reduction of dioxygen at
a mononuclear copper site. This paradox is explained by the
involvement of an additional redox center in the reaction,
which was identified as a tyrosyl radical (phenoxyl/phenolato
redox couple).”

When an efficient immobilization and direct wiring of
copper oxidases are achieved at the surface of an electrode,
these enzymes have demonstrated low overpotentials of only
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several tens of millivolts and high current densities towards
4H"/4e~ oxygen reduction.!*'? The efficient wiring of
galactose oxidase has also demonstrated its activity towards
oxygen electroreduction.™ Owing to a direct electron trans-
fer between gold electrode and the enzyme active site, the
ORR activity of immobilized galactose oxidase was displayed
at the redox potential of the Cu"/Cu' redox center, that is,
70 mV versus Ag/AgCl at pH 7.5.

When dealing with the immobilization of molecular
catalysts and enzymes for electrocatalytic applications,
carbon nanotubes (CNTs) combine many advantages:
i) high efficiency towards the flexible and stable immobiliza-
tion of a high amount of catalysts per surface unit; ii) superior
heterogeneous electron transfer properties; and iii) the avail-
ability of a library of non-covalent and covalent functional-
ization techniques. We and others have investigated the pi—pi
interactions of pyrene-modified molecular electrocatalysts for
proton reduction,™ CO, reduction,'>'®! or NADH oxida-
tion.!'”? Owing to their high stability, pyrene groups can be
easily introduced during synthesis. Additionally, pyrene pi-
stacking provides a soft and controllable functionalization
technique of CNT sidewalls that prevents CNT damages and
conductivity losses.

Herein, we describe the preparation of a copper pheno-
lato complex bearing a pyrene group (1) and its efficient
supramolecular immobilization on CNTs. We observe ORR
activity of this CNT-supported galactose oxidase model.

The tripodal ligand LH was prepared by reductive
amination of the aldehyde precursor ““°LH (Supporting
Information) with N'-(pyren-1-ylmethyl)butane-1,4-diamine
(PBDI; Scheme 1)." LH reacted with one molar equivalent
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Scheme 1. Simplified synthetic procedure leading to LH and 1.

of CuCl,, 2H,0 in water to give complex 1. The structure of
1 in aqueous solution was established by EPR and UV/Vis
spectroscopy (Supporting Information, Figures S1-S4 and
Table S1). The X-band EPR spectrum of 1 in a DMF/tris-
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buffer (pH 7) 1:9 solution consists of a well-resolved axial
(S="'4) copper(Il) signal (Figure S3), authenticating a mono-
nuclear copper species. Further, the g values (g, =2.248 and
g, =2.051) are consistent with a distorted square pyramidal
environment of the copper ion. The electronic spectrum of
1 at pH 7 displays a main band at 457 nm (e =1150m 'cm™),
which is assigned to a phenolato-to-copper charge transfer
(CT) transition. The CT band disappears upon decreasing the
pH, consistent with the protonation of the phenolate group
(Figure S4). The pK, was determined from spectrophotomet-
ric titration at 3.93 £0.02 in a DMF/H,0 1:9 solution. Owing
to the electron-donating properties of the phenolate sub-
stituent, this value appears remarkably low. This indicates
that the phenolate is bound to the metal, which is a strong
Lewis acid, and occupies a weakly labile, that is, equatorial,
position in the coordination polyhedron. Since 1 could not be
isolated as single crystals for an X-ray diffraction study, most
likely owing to the hygroscopic nature and the flexibility of
the pyrene-putrescine arm, we prepared the copper complex
of its precursor “"°LH, namely 2 (Figures S5-7). The crystal
structure of 2 (Figure S6) confirms that the metal ion lies in
a square pyramidal geometry, with the sterically hindered o-
methylpyridine coordinated in the axial position (Cu—N bond
at 2.303(2) A). The phenolate is tightly bound in equatorial
position (with a Cu—O bond distance of 1.919(2) A), along
with the pyridine, tertiary amine, and a chloride anion.

The design of functionalized MWCNT electrodes is based
on successive incubation steps. The first incubation step is
driven by the pi—pi interactions of LH (3 mM in acetonitrile)
with the MWCNT film surface. The second incubation step is
driven by the high affinity of immobilized LH towards
copper(II) (0.3 mm CuCl, in ultrapure water; Figure 1 A).
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Figure 1. A) Representation of the synthesis of complex 1 starting from
LH on MWCNT; B) SEM image of the surface of the functionalized
MWCNT electrode (inset : EDX analysis); C) 100 K EPR spectra of a) 1
in 0.5 mm water:DMF (90:10) solution (pH 4.99) and b) Difference
between a functionalized MWCNT electrode and MWCNT (microwave
freq. 9.46 GHz, power : a) 4.4 or b) 5.5 mW, mod. amp. a) 0.4 and

b) 0.5 mT, mod. freq. 100 kHz).
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The functionalized MWCNT electrodes were character-
ized by SEM, EDX, and solid-state EPR (Figure 1B and C).
SEM images confirm the high specific surface of the MWCNT
film. The comparative EDX analysis between pristine and
functionalized MWCNTs confirms the presence of copper
and nitrogen on the surface of MWCNTSs with a ratio N/Cu
~ 4, arising from the presence of both the ligand LH and the
copper center, with a complex 1 formation yield of ~ 80 %.
Carbon and oxygen mostly originate from the MWCNTs
(inset, Figure 1B). Furthermore, the solid-state EPR spec-
trum of functionalized MWCNTs exhibits a typical copper(1I)
signal (Figure 1 C), which is not present in pristine MWCNTs.
The copper hyperfine splitting is clearly visible, indicating
that the complexes are magnetically isolated on the MWCNT
surface. It is significant that the hyperfine splitting differs
from that expected for free copper. Conversely, it is close to
that observed for 1 in a DMF/H,O solution, confirming that
the complex retains its integrity on CNT sidewalls. The cyclic
voltammetry (CV) curve of the functionalized electrode was
performed in aqueous medium (Figure 2).
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Figure 2. A) CVs of complex T immobilized on the MWCNT electrode
in 0.1m LiClO, (v=10 mVs™") under argon; B) Experimental (squares)
and fitted (dashed line) evolution of the redox potential of the Cu'/Cu'
redox couple as a function of the pH in 0.1 m Britton—Robinson buffer
between pH 2 and 8. The geometrical surface of the electrode

(0.07 cm™) was taken to calculate current densities.

Under anaerobic conditions, the CV of the MWCNT-
supported complex 1 displays a well-defined reversible redox
system at E,, =—0.24 V (pH 7, reference Ag/AgCl), assigned
to the Cu"/Cu' redox couple (Figure 2A). The oxidation of
the phenolate into a phenoxyl radical is irreversible and
occurs at E,"=0.55V."”) Both anodic and cathodic peak
currents increase linearly with increasing scan rates, confirm-
ing the stable immobilization of 1 on MWCNT electrodes
(Figure SSA and B). By integration of the cathodic peak,
a maximum surface coverage of I';=0.42 nmolcm? was
estimated. The AE, of 40 mV at slow scan rate increases with
increasing scan rates. By using the Laviron equation for
immobilized redox systems,” the apparent heterogeneous
electron transfer rate k,** of 0.45s™' was determined (Fig-
ure S8C). This relatively low value is consistent with pre-
viously measured k, values for other surface-confined copper
complexes, and is likely caused by an electrochemically
induced structural rearrangement of the copper coordination
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sphere.I”! Further, the study of this redox system over a broad At oxygen saturation and continuous O, purging, an
pH range (Figure 2B) revealed a decrease in E;, with irreversible cathodic peak current was observed with an onset
increasing pH, which was fitted according to Equation (1): potential of Eper =+ 0.10V versus Ag/AgCl at pHS5 (or
+0.60V vs. RHE), demonstrating their electrocatalytic
Eyp = E, ,(Cu",,.) +2'3ﬂlog (1 + [Ki]) (1) activity towards ORR (Figure 3A). It is noteworthy that
nk 5] pristine MWCNTs also have an electrocatalytic activity
) towards ORR, but the onset potential is lower (0.03 V vs.
Where R is the gas constant, T the temperature, F the Ag/AgCl at pHS5; Figure SOA). To unravel the catalytic
Faraday constant, and n the number of electron involved in  ihway, the electrochemical behavior of the functionalized
the redox system. K, is the .proton- d%s.somatwn constant for  \rWCNTs was investigated over a broad range of pH
complex 1 and. Eip(Cuia) 18 tl}e limiting value of £, at pH (Figure 3B). While the pH has little influence on maximum
below pK,. Using n =1, the fit gives access to an El/z(cull/lacid) current densities between pH 3 and 8, a slope of 31 mV per
of +0.01 i0.0l.V and a pK, of 2.6+0.1. This suppor.ts pH unit was observed for the variation of onset potential
a mon‘oelectronlc protqn-coupled e'lectron process wl}ereln towards pH. This is consistent with a 2e /1 H* limiting step
reduction of Cu' to Cu' 1 accompa!nlefl by the protopatlon of  for the electrocatalysis. The Tafel slope of around 70 mV per
the phenolatf.: group. Thl.s assum'ptlon 18 futher confirmed by gecade observed at pH S also confirms that the rate deter-
the observation of an 1rrever51ble'> 0>f1dat10n pea'k at E,= mining step involves a two electron process (Figure S9B). The
—0.1V at the foot of the Cu' oxidation peak (Figure 1B).  1ate_determining step, therefore, corresponds to the reduction
Thlslox1dgt10n process might correspond to the' ox1'dat10n of O, into a hydroperoxo species, similar to previously
aCu species, which is forme.:d by partial decoordlnathn of the reported biomimetic catalysts."*!*! Figure 3C and D display
phenol moiety upon reduction of the. Cu" phenolate into Cu' ;. rotating-disk experiments performed at pH 5. The dif-
phenol accor.dlng to an EC. mechamsrp.m Nf)tal.)ly, the pK,  fysion-controlled electrocatalytic wave between 25 rpm and
value determined from the fit of Equa.tlon (1) is slightly lower 40 rpm allowed for the calculation of the total number of
th.an that measured spect.rophotometr ically in the DMF/ Water  electrons involved in the reaction. It is noteworthy that above
mixture, presuma.bly owing to the absence of organic slolvent 400 rpm, the electrocatalytic current density reaches a pla-
and weak coordination of the buffer counter ions in the teau, corresponding to kinetic limitations. By using the
former case. Koutecky-Levich equation, an apparent number of electrons
The functionalized MWCNT electrodes were then studied  of 3.3+ 0.2 was estimated from independent measurements
in the presence of oxygen (Figure 3). on several electrodes. Additionally, rotating-ring-disk elec-
trode experiments were performed to detect H,O,. Consistent
with an almost complete 4H"/4e~ ORR process, no H,O,
generation could be evidenced within 0.1% (Figure S9C).
A ol B6 015] a This might also be caused by kinetic limitation observed for
=) N this complex at high rotating speed. Thus, the number of
P <\é, !\ electrons measured between 3 and 4 is rather indicative of an
' Ll < 0101 b efficient 2e~ reduction of oxygen into peroxide, followed by
(&) n \ _ .. .
< > \ a slower 2e~ process, achieving the complete reduction of
£ 7 2 0.05 '\ oxygen into water.I” To validate this hypothesis, we examined
= 4 El = the ability of the immobilized complex 1 to electrochemically
5] Lngooo- ‘\. reduce H,0,. The CV of the MWCNT-supported complex
1 performed in the presence of hydrogen peroxide confirms
04 02 00 02 2 3 4 5 6 7 8 ¢ its electrocatalytic H,O, reduction activity at similar over-
E /V vs Ag/AgCI pH potentials compared to the ORR (Figure S9D).
c D 2000 It is now instructive to compare the onset potential for
i oxygen reduction by MWCNT-supported 1 (+0.60V vs.
25 rpm 15004 P RHE) with values published for other immobilized copper
50 rpm —.: I complexes. It is close to the redox potentials observed for
100 rpm = 1000 //+ immobilized galactose oxidase (+0.72V vs. RHE)!™ and
200 rpm ) + some mononuclear copper complexes involving sterically
300 rpm [ e 500 &é ’ n=3.3 hindered ligands immobilized in carbon black/nafion ink
400 rpm 1 (+0.60 and +0.67 V vs. RHE),”™ but much lower than what
42 @2 oo o 01 02 03 02 05 o o7  Wwas measured for dicopper catalysts based on (tris(2-pyridyl-
£/ Vvs Ag/AGCI o (rad sy methyl)amine) ligands (+0.86V vs. RHE) or reduced-
) ) - ) graphene-oxide-supported  multicopper/triazole-dipyridine
Figure 3. A) CVs of T immobilized on a MWCNT electrode in 0.1 m 23] . .
Britton—-Robinson buffer at pH 5 under (black) argon and (gray) complexes (+0.95 V) . This supp_orts the 1nvolvel_nent of
oxygen (v=10mVs"); B) Evolution of the onset potential of the ORR a mononuclear species in the ORR in our case. In this sense,
as a function of the pH in 0.1 M Britton—Robinson buffer between pH 3 immobilized complex 1 acts as a galactose oxidase mimic by
and 8. C) CV at the RDE between 25 and 400 rpm at pH 5 achieving the 2e/1H" reduction of O, into a Cu"-OOH
(v=10mVs™"); D) Associated Koutecky—Levich plot. intermediate,””! but it is also able to achieve the reduction of
Angew. Chem. 2016, 128, 2563 —2566 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de 2565
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H,0, into H,O, preventing release of hydrogen peroxide in
solution. Finally, the kinetic performance of the MWCNT-
supported complex 1 for ORR was evaluated. A substantial
apparent turnover frequency (TOF) of 14 s~' was determined
at pH 5, based on the I} values determined above.

In conclusion, this work demonstrates the efficient and
soft functionalization of MWCNT electrodes with a copper
phenolato complex. We have established that the MWCNT-
supported complex 1 achieves partial 4H"/4e" electrocata-
lytic reduction of dioxygen in a 2e” +2e" reduction process.
The reaction likely proceeds through formation of a Cu-OOH
intermediate, which represents a bottleneck for efficient
ORR. The rich redox chemistry of phenolate-based ligands
brings new perspectives into the design of electrocatalysts
inspired by the active site of galactose oxidase. Our future
experiments will aim at modifying the ligand to decipher the
role of the phenol moiety during catalysis, especially in the
context of a proton-coupled electron transfer.
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