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ABSTRACT: Water oxidation catalysis stands out as one of the most important reactions to design practical devices for
artificial photosynthesis. The use of late 15t row transition metal (TM) complexes provides an excellent platform for the
development of inexpensive catalysts with an exquisite control on their electronic and structural features via ligand
design. However, the difficult access to their high oxidation states and the general labile character of their metal-ligand
bonds pose important challenges. Herein, we explore a copper complex (12°) featuring an extended, nt-delocalized, tetra-
amidate macrocyclic ligand (TAML) as water oxidation catalysts, and compare its activity to analogous systems with
lower m-delocalization (2> and 32). Their characterization evidences a special metal-ligand cooperativity in
accommodating the required oxidative equivalents using 1*>- that is absent in 22 and 3. This consists in charge
delocalization promoted by easy access to different electronic states at a narrow energy range, corresponding to either
metal-centered or ligand-centered oxidations, which we identify as essential factor to stabilize the accumulated
oxidative charges. This translates into a significant improvement in the catalytic performance of 1> compared to 22- and
32, and leads to one of the most active and robust molecular complexes for water oxidation at neutral pH, with a kg, of
140 s at an overpotential of only 200 mV. In contrast, 22 degrades under oxidative conditions, what we associate to
impossibility of efficiently stabilize several oxidative equivalents via charge delocalization, resulting in highly reactive
oxidized ligand. Finally, the acyclic structure of 3> prevent its use at neutral pH due to acidic demetallation,
highlighting the importance of the macrocyclic stabilization.

1. Introduction barriers would largely solve the efficiency problems for a

The need to replace fossil fuels by a renewable and practical application.'s%7
clean source of energy is increasingly urgent as the 2H,0 — 0, + 4H* + 4~ E° = 1.23 Vvs. NHE at pH 0 (1)
consequences of the global warming become more
significant and irreversible.»> Nowadays, besides the
scientific community that has been actively working to
come up with a solution during the last decades, policy
makers and society in general are starting to mobilize in
search for clean and sustainable energy vectors.345
Artificial photosynthesis to produce solar fuels from
water and sunlight is nowadays one of the most
promising short-term strategies.®78910 A common step
in all the proposed photosynthetic schemes, both natural
or artificial, is the catalytic oxidation of water to
molecular oxygen (equation 1) in order to produce
electrons and protons for the further reduction of
protons to hydrogen (equation 2) or the reduction of
other interesting substrates such as CO,.1»121314 This
oxidative half reaction has attracted the attention of

researchers over years since overcoming its high kinetic ]
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2H* +2¢~ — H, E° = 0.0V vs. NHE atpH 0 (2)

Molecular complexes offer a great platform to drive
this reaction catalytically as their electronic and
structural properties can relatively easily be fine-tuned
by ligand modification in order to improve the catalytic
efficiencies.’® 9 Ultimately, molecular catalysts can be
incorporated on electrodes and photoelectrodes leading
to active molecular heterogeneous catalysts with an
exquisite control in their properties.2°24222" However,
the design of improved molecular catalysts relies on our
understanding of the mechanistic pathways for water
oxidation and the structure-activity relationships.'®
Although significant advances have been achieved in
Ruthenium catalysts,> the knowledge regarding 1% row
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transition metals (TM) is still scarce and detailed
understanding at a molecular level is generally
lacking.252¢ Therefore the rationalization of their design
rules is indispensable in order to take advantage of their
favorable properties including high abundance and non-
toxicity.

Two important challenges for 1t row TM complexes
are the ligand substitution lability and the accessibility to
multiple oxidation states at relatively low potentials, and
those are the main factors responsible for the catalyst
degradation pathways (Figure 1a). Moreover, the
requirement of using water as substrate and ideally as
solvent poses the ligand protonation and subsequent
metal decoordination as a competing process. Those
phenomena are in sharp contrast with Ru complexes that
are generally substitutionally inert and have access to
high oxidation states within a narrow potential range via
proton coupled electron transfer.

On the other hand, for abundant 1%t row TM in general,
the generation of high oxidation states resulting in active
metal-oxo (M—O)¥ units is limited by the large
potentials separating the different redox couples, which
could favor alternative ligand oxidative degradation
and/or metal oxide formation (Figure 1a). In particular
Cu complexes at oxidation state (III) can only be
obtained with strongly electron-donating ligands.2829:3
Thus, to further facilitate access to formally high
oxidation states, we3! and others323334353 have
described the use of redox active ligands that are
oxidized in a reversible manner. The storage of oxidative
equivalents (holes) by both the metal center and the
ligand helps the four-electron removal needed for the
water oxidation reaction and thus widens the scope of
useful molecular water oxidation catalysts (WOCs).2°

Ligand degradative oxidation

= M—L
M—L M—Loy . Eapp >>0V
H,0 ™ Lox *+ M(H,0), —
Solvent induced ligand decoordination
OH,
H,0 v H,0
M—L ——— M---L - L + M(H0), —F— MOx

Protonation induced ligand decoordination

+H* H,0
M—L M---LH LH + M(H,0),

-

Today the use of well-defined and rugged Cu WOCs is
still limited to basic pH,31:3237:38:39,40.4142 with very few
examples reported at neutral pH featuring high
overpotentials, slow kinetics and/or limited information
about the long-term stability. 434445 Further, a detailed
analysis at a molecular level is frequently lacking, which
is important to understand structure-activity
relationships and the possible formation of copper
oxides materials as the active catalytic species.46-47:48:49

In order to address the low acidic and oxidative
stabilities without compromising the overpotential and
catalytic rates, we focused our attention on the use of
tetra-amide macrocyclic ligands (TAML). Macrocyclic
ligands are expected to provide additional stability to the
Cu center with regard to related acyclic ligands such as
H,L33 (N1,N1'-(1,2-phenylene)bis(N2-
methyloxalamide)) depicted in Figure 1b, via the
“macrocyclic effect”.50552535455 This should enhance the
pH range of stability of the catalysts at the desired lower
pH values. While those ligands also help to stabilize high
oxidation states in the metal centers,5¢ we consider their
redox non-innocent character, which relies on the
oxidation of the phenyl-bisamidate bridge similar to the
corresponding acyclic analogues (see Figure 1c).57

While those units can accumulate up to two oxidative
equivalents, the redox potentials for both oxidations are
separated by more than 500 mV, evidencing the
relatively difficult access to the second oxidation event
and thus precluding their multiredox non-innocent
character (accumulation of more than one oxidative
equivalent). Moreover, although the redox non-
innocence of these type ligands during water oxidation
has been invoked, still high valent MV/V—O groups are
required for initiating the catalytic process as
experimentally evidenced, thus controlling the overall
overpotential.56:58:59.60,61,62,63
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Figure 1. (a) Schematic representation of the main pathways for catalyst degradation under conditions used in water
oxidation leading to the formation of metal-aquo complexes and free ligand. (b) Structure of the three tetraamidate ligands,
including both macrocyclic and acyclic alternatives, discussed in this work. (¢) Redox non-innocence TAML ligand vs. high -

delocalized L1#
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We envision that the use of highly m-extended TAML
with two phenyl-bisamidate units will allow access to
several oxidations in the ligand at a lower potential range
due to greater stabilization of the resulting radicals,
rendering multi-redox active character (Figure 1c).
Importantly, this will be key for accessing multiple
oxidations with late transition metals such as copper
given the limited access to their higher oxidation sates.
We have focused our attention on the macrocyclic
ligands depicted in Figure 1b, H,L1 (15,15-dimethyl-8,13-
dihydro-5H-
dibenzo[b,h][1,4,7,10]tetraazacyclotridecine-
6,7,14,16(15H,17H)-tetraone)®¢ and H,L2 (7,7,16,16-
tetramethyl-5,9,14,18-
tetrahydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine-
6,8,15,17(7H,16H)-tetraone)%. We anticipate that the use
of such ligands with copper will also foster a larger
metal-ligand electronic interaction, due to the usually
higher covalency promoted by the more electronegative
late transition metals. In this context, we report the
synthesis, spectroscopic and electrochemical
characterization of two new Cu complexes [Cu'L1]>, 1*
and [Cul'L2]>, 2>, together with their performance as
catalysts for the water oxidation reaction. We compare
those new complexes with previously reported acyclic
analogue 323!

2. Results

2.1. Synthesis, structural and electronic properties of
Cu(II) amidate complexes

The synthesis of the macrocyclic ligands H,L1 and
H,L2 is reported in the Supporting Information, together
with the corresponding characterization (Figures S1-S7).
The synthesis of the Cu(II) complexes is straightforward
and consists in mixing methanolic solutions of the
deprotonated macrocyclic ligand and Cu(ClO,), as a
metal precursor leading to the corresponding complexes
in relatively good yields. The anionic Cu(II) complexes
1% and 22 obtained in this manner were characterized by
elemental analysis, spectroscopic and electrochemical
techniques and X-ray diffraction analysis.

Figure 2 shows the side views of the ORTEP plot for
the anionic complexes 12 and 22 (top views in Figure
S8). Both feature a square-planar coordination
environment similar to the analogous acyclic complex
[Cu"L3]>, 32, and its family of related substituted
complexes.3* The strong o-donor character of the
amidate groups compensates for the electron deficient
configuration of the 17 e complexes and ensures strong
metal-ligand bonds reflected in the short Cu-N distances
and high stabilization of the d° Cu(II) ion as a square
planar four-coordinated metal center. In the case of
complex 1> bearing the 13-membered ring ligand Li4,
those distances are in the range of 1.895(7)-1.928(8) A,
significantly shorter than those formed by the 14-
membered ring ligand in 22 (1.922(6)-1.941(6) A), due to
the larger size and rigidity of the macrocyclic ligand L24-.
In both cases, the metal-ligand distances are shorter
than the ones found for the family of analogous Cu(II)
complexes bearing the acyclic tetraamidate ligand L3+
(1.938-1.953 A), evidencing the stronger Cu-N bond
interactions in the case of the macrocyclic complexes.

Journal of the American Chemical Society

Figure 2. ORTEP drawing (thermal ellipsoids drawn at a
50 % probability level) showing side views of the cationic
structure of 12, 1-, 227, and 2. Colour code: C, black; N,
blue; O, red; Cu, light blue.

The short Cu-N bond lengths obtained for the
macrocyclic complexes 1> and 2> together with the
lower basicity of the phenyl-bisamidate ligands than
alkyl amidates, is reflected in their relative stability in
aqueous solutions as compared to the acyclic 32. While
the latter decoordinates at pH lower than 10, the former
are stable all the way down to pH 7 (Figures S13-S15)
which is highly desirable for their potential application
as molecular electroanodes.®7-%8

X-ray absorption near edge and extended X-ray
absorption fine structure spectroscopies (XANES and
EXAFS respectively) were further used to characterize
the electronic and structural properties of complex 1*
and the results are shown in Figure 3 and Figure S9. The
EXAFS simulation carried out for 12 shows a remarkable
agreement between the simulated Cu-N bonding
distances and those obtained by X-ray diffraction (XRD)
(Table S1). In addition, the XANES spectra of 12> further
shows a noticeable pre-edge feature at low photon
energies, 8979.0 eV, corresponding to the 1s [ 3 d
electronic transition®7°7* as well as a main peak along
the rising edge region at ~8987 eV commonly observed
in Cu(II) square planar complexes (Figure 3a).7>2° This
transition is assigned to a metal localized 1s [ 4p
transition with “shakedown” contribution arising from a
coupled ligand to metal charge transfer (LMCT)
transition.”3

The extended m-delocalization over the two phenyl
groups and the oxamide bridge in ligand Li#+ is
responsible for the nearly flat geometry of complex 1> in
contrast to complex 22, where the presence of two
dimethylmalonamide bridges with sp3 quaternary
carbons breaks the m-conjugation between both phenyl
groups. This results in a distorted structure where the
two phenyl groups lay below the plane formed by the
four N atoms bonded to the Cu center (the angle formed
by the two phenyl rings is 50.1°) as can be observed in
Figure S8 for 22-.
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Figure 3. (a) Normalized Cu K-edge XANES of complex 1>
(1 mM) in water (black trace) and its oxidized analogous 1-
(1 mM) in water (red trace) and methanol (blue trace)
prepared by chemical oxidation with I,. Inset. Zoom in of
the pre-edge regions. (b), same as in (a) for 1 mM 12 (black
trace), chemically synthesized 1~ (red and blue trace),
electrochemically synthesized 1~ (green trace), and a GC
plate electrode used for a CPE (magenta trace) of a 1 mM 1>
at pH 7 with E,,, = 1.25 V. (¢) Experimental Fourier
transforms of k2-weighted EXAFS spectra for complex 12" (1
mM) in water (black trace), chemically synthesized 1- (1
mM) in water (red trace) and methanol (blue trace), and
solid CuOx (shown in brown). Inset. Corresponding Back
Fourier transforms. (d) same as in (¢) for 1 mM 12 (black
trace), its chemically oxidized analogous 1~ (red trace),
electrochemically synthesized 1~ (green trace) and a GC
plate electrode after CPE of a 1 mM 12" at pH 7 with E,;, =
1.25 V (magenta trace). Inset. Back Fourier transformed
experimental (solid lines) and fitted (dashed lines) k2[x(k)].
See the SI for additional experimental details.

The delocalization phenomenon is also manifested in
the UV-vis spectra of 1> and 22 in organic solvents and
in water, where complex 1> presents two new bands at
390 and 550 nm that can be tentatively assigned to low
energy ligand-to-metal or ligand-to-ligand charge
transfer as a consequence of the smaller difference in the
energy levels (Figures S10-S12).74 In contrast, these
transitions occur at significantly higher energy (280-310
nm) in the case of 22 due to the lower delocalization.
Time dependent Density Functional Theory (TD-DFT)
simulations of the UV-vis spectra performed on
complexes 1> and 22 fully supports these assignments
(Figures S66-S69). Similarly, in the case of 32, those
transitions also feature higher energy (500 and 340
nm)-" than in 1%, but lower than 22 probably due to
higher electronic delocalization through the (bis)amidate
bridges compared to the dimethylmalonamide bridges
in complex 22-.

2.2 High oxidation states of Cu amidate complexes in
organic solvents

The one electron oxidized Cu(III) species, 1- and 2,
can be obtained electrochemically or chemically using

iodine as oxidant (see Supporting Information for
detailed synthesis). Crystal structures of both complexes
were obtained and their ORTEP views are presented in
Figure 2 and Figure S8. It can be appreciated that the Cu
centers have the typical square planar D,, type of
geometry expected for d® ions. In the case of 17, the Cu-N
distances are in average around 0.18 A reduced as
compared with its Cu(II) homologue which reflects the
relative flexibility of the ligand adopting a more
constrained conformation at oxidation state III. Similar
results can be extracted from the X-ray structure of 2-
whose ORTEP drawing is also shown in Figure 2. The
Cu-N distances extracted from the simulation of EXAFS
spectra of 1~ in solid state are also in very good
agreement with the contraction observed in the X-ray
data (Figure S9 and Table S1). In addition, the XANES
spectrum shows a pre-edge at 8982.1 eV for the Cu(I1I)
complex 1- that is 3.0 eV higher than the Cu(II) 1%, in
agreement with related complexes previously described
in the literature .20.76.77.78
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Figure 4. (a) CV and DPV of a 1 mM MeCN solution of (a)
1> (b) 22 and (c) 3%, using 0.1 M TBAPF, as supporting
electrolyte and a glassy carbon as a working electrode.

The redox properties of these Cu complexes were
investigated by means of cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) techniques in
MeCN. A CV and DPV of 1%, 2> and 3> is presented in
Figure 4 and Figure S16. The CV show a chemically
reversible wave associated with Cu(III)/Cu(Il) redox
couple at E,;, = -0.90 V and -0.70 V vs. Ferrocene (Fc)
for macrocyclic complexes 12~ and 22 respectively, and
E,, = -0.75 V for 3> consistent with previous results.3'
Those low redox potentials evidence the high stability of
the generated Cu(III) species due to the tetraanionic
character of the ligand that forces a square-planar
geometry typical from d8 Cu(III) complexes.” The 200
mV lower potential for 1> is associated with the stronger
bonds and shorter Cu-N distances as indicated in the
previous section and reflect a strong sigma donation
capacity due to the reduced sized of the 13-membered
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ring macrocycle as opposed to the 14-membered ring of
La24. In case of 3>, the more flexible ligand backbone
might be responsible for a greater stabilization of the
Cu(III) center as compared to complex 22- leading to a
slightly lower redox potential despite their close Cu-N
distances in the Cu(II) state. DFT calculations of the first
redox process for these complexes are in good agreement
with the observed potentials and satisfactorily reproduce
the mentioned difference between them (Figures S70
and S71 and Ref 31).

Interestingly, at higher anodic potentials the CV of 1>
and 22 show the presence of two more redox processes
that are associated with ligand based m-electron
oxidations. Whereas for 22> they are chemically
reversible, for 1> they appear as chemically quasi-
reversible. The separation in both ligand-centered waves
is around 80 and 180 mV for 1> and 22 respectively,
which contrasts with the oxidation at TAML ligands
containing only one phenyl-bisamidate group where
both waves are separated by more than 500 mV.57 This is
also consistent with the CV of complex 3>, which
features only one ligand-based oxidation in the same
potential range (Figure 4c). These results put forward
the easier access to higher oxidation states at the ligand
when using Li#+ and L2+ vs. L34 or the previously
reported TAML ligand. Further, the 80 mV difference
between the two ligand based redox couples in L14- might
be explained due to high delocalization of the generated
radical. Density Functional Theory (DFT) calculations in
organic solvents of new macrocyclic complexes show the
ligand-centered SOMO corresponding to ligand based
oxidations (Figures S70 and S71). The different degree of
ni-delocalization is evidenced comparing the SOMO of
oxidized complex 1 complex, which is extended to both
phenyl-bisamidate units, with that of complex 2,
featuring less contribution of the second phenyl-
bisamidate unit.

2.3 High oxidation states of Cu amidate complexes in
aqueous solutions

Figure 5 shows the CV of complexes 1>, 2> and 3> at
pH 12 and 7 (further CV and DPV in Figures S17 and
S18). All the redox potential in aqueous solution are
versus NHE. At both pH values, 1> and 2> show the
presence of one electron wave followed by second
catalytic wave at higher potentials, similar to what was
found for complex 32 at pH 12. To elucidate the nature
of these redox transitions in aqueous solutions a series of
spectroscopic experiments were carried out that are
described below.

The structural properties of complex 1> and its one
electron oxidized species 1~ (obtained by chemical
oxidation, see SI) in aqueous solution were studied by X-
ray absorption (XAS) spectroscopy, Nuclear Magnetic
Resonance (NMR) and Electron Paramagnetic
Resonance (EPR). Complex 1~ was also prepared via
controlled potential electrolysis (CPE) at 0.4 V vs NHE
for comparative XAS study (see SI for further details).
Surprisingly the XANES spectrum for 1~ in pH 7 solution
shows a pre-edge at 8990.5 eV that is just in between the
expected value for Cu(II) and Cu(III) suggesting that in
aqueous solution the first oxidation process is not
entirely metal based in contrast with MeOH solution.
This is in agreement with 'H-NMR spectroscopy of 1-,

Journal of the American Chemical Society

which in MeOH (Figure S27) displayed the typical
diamagnetic behavior expected for a D,, symmetry d® ion
but in D,0, it showed no resonances in the 0-10 ppm
range in agreement with a paramagnetic behavior. These
observations indicate a ligand-centered oxidation in
water solution, which is further supported by EPR
spectroscopy of 1, which is silent in MeOH whereas in
H,O displays EPR signal, consistent with paramagnetic
behavior derived from a ligand centered oxidation
(Figure 5d and S29).
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Figure 5. (a) CV of 1 mM 12 (green trace), 22 (red trace)
and 32> (purple trace) in aqueous solution using phosphate
buffer at pH 12 with an ionic strength of 0.1 M. A BDD
electrode was employed as a working electrode and the scan
rate was set to 100 mV-s™. (b) CV of 1 mM 12> (green trace),
22" (red trace) and 32 (purple trace) in aqueous solution
using phosphate buffer at pH 7 with an ionic strength of 0.1
M. Similar experimental set up was used as in Figure 5a. (c)
Schematic representation of the different oxidation events
taking place in the CVs of complexes 12--32-. (d) X-band
EPR spectra (20 K) 12, 17, 22" and 2, in H,O (0.1 mM).
Color code: Shading colors in Fig.5a and 5b of the redox
events refers to the redox processes indicated in Fig. 5c.

Therefore, we described 1- in water as a triplet ground
state (S=1) with ferromagnetic coupling between the
S=1/2 d9 Cu(Il) center and the S=1/2 radical ligand
(L1)3-. The low zero-field splitting (ZFS) allows for EPR
transitions using standard X-band microwave source.
This EPR characterization is supported by analogous
square-planar, Cu(II) complexes bearing phenoxyl
radical ligands previously reported.”>""2 Alternative
metal center oxidation or antiferromagnetic coupling of
metal and ligand radicals is discarded since they would
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generate EPR-silent signals. The ferromagnetic behavior
in 1- is explained by the absence of overlapping between
the orbitals hosting the unpaired electrons, since the dx>-
y? of the metal center are orthogonal to the m-system of
the ligand (Fig. S73).83 The electronic delocalization in
this triplet species is responsible for the broadening of
the EPR signal and prevents hyperfine coupling
resolution.848586 This contrast with the hyperfine
splitting observed in the S=1/2 species 1> with a
localized unpaired electron in the metal center. In
agreement with this, the EPR simulation of 1> and 1" in
H,O show clearly different g-factors and hyperfine
splitting (Figure 5) illustrating the different electronic
environments. G values, gy of 2.138, g,, of 2.045 and g,,
of 1.940, with A, of 215 G could be extracted from the
EPR simulation of 1> in H,O (Figure S30) whereas the
simulation of 1~ assuming a triplet ground state yielded
8w 8y and g, values of 2.230, 2.050 and 2.050
respectively, together with zero field splitting parameters
of D and E to be 40 G and 5 G respectively (Figure S30).
This description was further supported by DFT where it
is found that the low energy triplet structure for 1- has a
SOMO centered in the ligand with ni-character and spin
density entirely delocalized between the metal center and
the m-system of Li+ (Figure S73). The alternative
calculated singlet structure corresponding to metal
oxidation centered in the d-orbitals has a similar energy
with only 0.7 kcal-mol* difference. The spin crossover
phenomenon clearly demonstrates the close proximity
between the two different electronic states
corresponding to accommodation of the oxidative
equivalent in either metal d-orbitals or ligand -
delocalized orbitals respectively.

Furthermore, UV-vis analysis of the oxidized species
by spectroelectrochemistry in aqueous solution shows a
distinguishable decrease of the bands in the UV region
(at around 300 nm) which is again consistent with the
generation of partial radical character in the m-system of
the ligand, weakening the st-it * transitions (Figures S36-
S37).2087 The fact that the spin state, and thus the
specific electronic structure of complex 1-, is dependent
on the solvation effects further evidences the existence of
a large degree of degeneration in its frontier orbitals.
This reflects a close energy match between the metal d
orbitals and ligand m-system that is absent in previous Fe
or Co TAML complexes.5657:58:59,60

In sharp contrast, the 'H-NMR spectrum for 2- in
MeOH and D,O are basically identical thus indicating
that the first oxidation is metal based and that the spin
crossover phenomena just described for 1- does not occur
in 2- (Figure S28). In addition, 2> in H,O shows similar
features to 1%, with G values, g, of 2.150, g, of 2.060
and g,, of 1.940, with A, of 215 G (Figure S30) while
complex 2 is EPR silent consistent with the assignment
of a Cu(III) species. Those differences with 1> reflects
the importance of the relative energy of the molecular
orbitals generated by m-delocalization.

2.4 Water Oxidation Catalysis by Cu amidate
complexes

The CV in Figure 5 at pH 12 shows the presence of a
second wave that is catalytic in nature at high anodic
potentials. Complex 1> has the largest catalytic wave
with its foot situated at approx. 1.0 V which is about 100

mV lower than that of the acyclic complex 3. For 2- the
foot of the catalytic wave starts at approx. 0.8 V but the
III/II waves disappear after -catalysis, importantly
indicating the disappearance of the initial molecular
complex from the double layer. At pH 7, the acyclic
complex decomposes and thus there is no electroactivity
associated with 3>, in sharp contrast with the stability
displayed by 1> and 2. At pH 7, the foot of the catalytic
wave for 1> starts at approx. 1.0 V that represents an
overpotential of ca. 200 mV whereas for 22 the foot of
the catalytic wave starts at approx. 0.9 V and represent
an overpotential of only 100 mV. However, while for 1>
the III/II wave is fully reversible after catalysis, the
reversibility is lost for 22 indicating again the poor
performance of the latter as a water oxidation catalyst.

These data manifests how small variations on ligand
structure have an extraordinary impact in catalyst
performance in terms of catalytic current, overpotential
and stability. Here the right size and electronic structure
of the 13-membered ring macrocycle satisfactorily fits
the geometrical and electronic demands of both Cu(II)
and Cu(III) and thus generates a very rugged catalyst.
Enlarging the cavity by one more unit generating a 14-
membered ring with reduced m-delocalization has a
catastrophic effect on the stability of the catalyst.

a b

j(mA-cm3?)
J{mA-cm™)

T T T 0.0 — T
0.0 0.4 0.8 12 1.6 0.9 1.0 1.1 1.2 13

EWV) E(V)

Figure 6. (a) CV of aqueous solutions at different pH
containing 1 mM of complex 12" in a 0.1 M phosphate buffer
solution. A BDD electrode was employed as a working
electrode and the scan rate was set to 100 mV-s™. (b) DPV of
aqueous solutions at different pH containing 1 mM of
complex 12" in the same conditions as in Figure 6a.

The redox properties of 1> and 2> were further
investigated as a function of pH by CV and DPV as
shown in Figure 6 and Figures S32-S34. It is interesting
to realize that at the 7-10 pH range there are two
different catalytic processes for 12> that can be easily
identified in the DPV experiment, which implies an
additional oxidation process. At the pH range 11-12,
there is a single electrocatalytic process in the potential
range studied. This suggests that at high pH (for instance
at pH 11) after the removal of two electrons from the 1*>
and a further hydroxido coordination, the new species
[1(OH)]- generated is very active towards O-O bond
formation and O, release, similar to previous
observations with catalyst 3>. However, at pH 7, the
kinetics of O-O bond formation will be slower because
the [OH] is four orders of magnitude lower. Access to an
additional electron removal generating the neutral
species [1(OH)] will generate a much more electrophilic
oxygen at the Cu-OH group that can also be responsible
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for the water oxidation catalysis at neutral pH. These
reaction pathways are supported by DFT calculations
(vide infra).

Spectroelectrochemistry performed in an optically
transparent thin layer electrochemical (OTTLE) cell
reveals the UV-vis spectra corresponding to the different
redox process observed in the CV (Figures S36-S37). At
redox potentials above 0.4 V the UV-vis spectrum for 1-
is obtained showing small changes at the UV region with
regard to that of 12, consistent with the proposed ligand
oxidation. Scanning to catalytic potentials and returning
to the initial values, the UV-vis spectrum remains
constant and is consistent with the high stability of the
catalyst. Under catalytic potentials, similar features to
those corresponding to 1~ are obtained, with slightly
lower absorbance in the UV region probably due to the
further oxidation of the ligand in the resting state.

a
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4 6
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2 41
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= 200 { } F =
< *y . b 200 &
I e . -~
e
100 A N
] e F 100
4 See-e..m
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Figure 7. (a) Linear sweep voltammetry of an aqueous
solution at pH 7 containing 1 mM of complex 12~ with 0.1 M
phosphate buffer. BDD was employed as working electrode
and at scan rate of 100 mV-s™. The red trace represents the
data used for the foot-of-the-wave analysis (FOWA). The
inset figure shows the FOWA under these conditions, where
the red trace represent again the data used for the linear fit
derived from FOWA equations. The black dashed line
represents the ideal response of the system. (b) Plot of the
observed kinetic constant calculated with FOWA assuming a
first order mechanism (blue trace) or a second order
mechanism (red trace) in catalyst.

To extract more information about this system a
kinetic analysis was also carried out for 1> based on foot
of the wave analysis (FOWA).% It has been performed at
pH 7 and 12 within the concentration range of 10-400
uM, and the results are reported in Figure 7 and Figure
S35. A value of 200 s for the k,,s (TOF,,.) is obtained at
pH 12 that is around two order of magnitude higher than
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that obtained for 3. At pH 7, a ks of 140 s is obtained
that is among the highest reported for first row
transition metals at pH 7 (vide infra).?® Further, the plot
of observed kq,s vs. catalyst concentration indicates a
first order behavior with regard to 1> and thus suggests
that the O-O bond formation occurs via a water
nucleophilic attack (WNA) pathway.88

2.5 DFT characterization of water oxidation

With all these data in hand, we additionally performed
DFT calculations for complex 1> (Figures S72-S78) in
order to characterize the electronic states and
coordination environments of the oxidized species
responsible for catalytic activity. A summary of the
results is shown in Figure 8 and Schemes S1 and S2.

As already discussed, in aqueous solution the first one
electron oxidation leads to a triplet 1- species where the
unpaired electrons are mainly delocalized all over the
complex (Figure S73). Analysis of the SOMO clearly
shows the oxidation being centered in the m-orbitals of
the ligand with low contribution of d,, and dy, orbitals of
the metal due to m-type interactions. This species is very
close in energy to the singlet species corresponding to an
oxidation centered in the metal d orbitals as discussed
previously. This small energy difference could promote
stabilization of the oxidative equivalents by easy access
to both electronic structures giving rise to charge
delocalization (Figure 8B, Figure S73). The coordination
of a water or OH- ligand to 1- is energetically unfavored.
However, a second one electron removal to generate 1
yields a quartet species with SOMOs centered on the -
orbitals of the ligand (Figure S74). Once again, the
alternative doublet species, where the second oxidation
is mainly accommodated in the metal d orbitals, is very
close in energy (2.1 kcal'mol?) suggesting high
degeneration in the different electronic structures. The
coordination of a hydroxido ligand is now favored by AG°
= -1.1 kcal-mol?, leading to [1(OH)]- with a quartet
multiplicity. This species has similar spin distribution
and SOMOs as in 1, with partial contribution of hydroxo-
centered orbitals (see Figure S75). At pH 12, the
[1(OH)]- species is responsible for the O-O bond
formation that leads to oxygen release and regenerates
the initial Cu complex. This step has also been calculated
and a mechanism based on single electron transfer-water
nucleophilic attack (SET-WNA) was found operative for
the O-O bond formation, in a similar manner as
proposed recently for several copper complexes
including 32 (Scheme S2).""-3! In this mechanism, a first
single electron transfer (SET) from an external
hydroxide molecule leads to the formation of a 2 centers-
3 electrons (2c-3e) intermediate where the ligand has
been reduced by one electron (Figure S77). Further
shortening of the O-O bond led to a second SET to form
a hydroperoxo species with concomitant metal reduction
to its initial oxidation state (Figure S78). Electron and
proton removal from this species via proton coupled
electron transfers (PCET) eventually results in the
formation of oxygen and recovery of initial complex 2*.

However, at neutral pH, a third oxidation is observed
under catalytic conditions that is consistent with an
additional oxidized species. DFT proposes the formation
of a triplet species 1(OH) that would be responsible for
the O-O bond formation at pH 7 (Figure S76). Here the
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one electron removal from the ligand leads to a spin
density delocalized among the metal center, the OH-
ligand and one of the phenyl rings of the L1+ ligand. The
LUMO and SOMO are thus centered on the ligand -
system, where two electrons alfa and one electron beta
have been removed leading to only one unpaired electron
in the ligand. In this case, calculation of the alternative
electronic structure corresponding to a metal center
oxidation and two unpaired electrons in the ligand
remained elusive since in both cases the resulting
electronic structure would also corresponds to a triplet
states with small differences in energy. Instead, a singlet
state could be optimized, also associated to a Cu(III)
complex with no unpaired electrons in the ligand (alfa
and beta electrons were removed corresponding to a
closed-shell configuration). This singlet state is still close
in energy (AG = 6.3 kcal'mol') and potentially
represents a higher limit for the energy of the alternative
metal/ligand oxidized triplet species that we were not
able to find. Once again, a SET-WNA mechanism could
operate to promote O-O bond formation with the
generation of the 2c-3e intermediate and further
formation of a hydroperoxo species (Scheme S2 and
Figures S77 and S78).

ey PH7 2¢
1(OHY 0,
2H*
109V H pH 12

1 (1)

[1(OH)] (a)

When the similar triply oxidized species is investigated
for catalyst 22- (2+, before OH- coordination), a singlet
species results as the most stable electronic structure
where one oxidative equivalent is accumulated in the
metal center and two in the ligand (corresponding to the
removal of an alfa and a beta electron). In this species,
the LUMO is mainly centered in one of the phenyl rings
(Figure S79). Addition of a hydroxide ligand to the apical
position of the metal center in 2* leads to the exothermic
hydroxo attack to a carbon atom in the oxidized phenyl
ring forming a C-O bond (Figure S80). This evidences
the potential oxidative degradation pathways of this
complex and is in good agreement with its poor
performance as a water oxidation catalyst.

As previously reported via experiments and DFT,389
catalyst 3> performs water oxidation at basic pH via a
first oxidation in the metal and a second oxidation in the
ligand, which generates the active intermediate towards
0-O bond formation. Here, the acyclic tetra-amidate
ligand can only accommodate one oxidative equivalent in
the studied potential range. This prevents further
oxidation and generation of reactive species with an
oxidized ligand as in complex 227, which was identified as
responsible for the oxidative degradation process.

1 oxidation (M based)
1 oxidation (L based)

2 oxidations (L based)
3 oxidations (L based)

0.84V o%o
N NS AG=21
Loeu' 2

¢ LI —
0} <

@ e

[1(OH)] (t)

Figure 8. a, Schematic representation of the proposed catalytic cycle for water oxidation by complex 12- at neutral and basic
pH. The energies in the diagram are calculated free energies and the potential are the calculated values referenced to NHE.
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Oxidations events at 0.30 V, 0.84 V and 1.09 V leading respectively to species 1, [1(OH)]- and [1(OH)] are associated with
the observed waves in the CV and DPV of Figure 6. b, Schematic representation of the electronic states corresponding to each
oxidation state of complex 12- with the calculated redox potential and the energy difference between the different
multiplicities. ¢, Optimized structures and SOMO (represented in green and purple) of the intermediates relevant for the O-O
bond formation. Color code for atoms: orange is copper, blue is nitrogen, red is oxygen, grey is carbon and white is hydrogen.

2.6 Stability tests and oxygen measurements.

The long-term stability of the water oxidation catalysts
1> and 2> were investigated based on repetitive cyclic
voltammetric experiments and CPE coupled to O,
detection analysis. The electrodes after catalysis were
further analyzed based on CV, Scanning Electron
Microscopy  (SEM), Energy Dispersive X-ray
Spectroscopy (EDX), XANES and EXAFS (Supporting
Information).

Repetitive cyclic voltammetry experiments of complex
22" shows a decrease of about 80% of the initial current
density at the catalytic wave in the second cycle and thus
clearly indicates the low stability against oxidative
degradation of this catalyst. In sharp contrast, catalyst 1>
shows a very high oxidative stability even after 100
consecutive cycles in the -0.15 to 1.3 V range as displayed
in Figure S40. Here, however, an adsorption
phenomenon is observed as described in the SI (section
6), which slightly shifts the potentials of the first redox
couple and decreases the catalytic current densities due
to a low conductivity of the aggregate generated (Figure
S20). At higher concentrations of 2 mM, this adsorption
and subsequent passivation of the electrode is more
drastic (Figure S38). The nature of the adsorbed layer
was analyzed after catalysis by XAS showing that the
local structural conformation of complex 1> remains
unchanged, as is evidenced by similar XANES spectra
and K-edge energies and the same Cu-N bond distances
of 1.92 [J observed both before and after catalysis by
EXAFS. Importantly, no EXAFS spectral features
corresponding to CuOx were observed after catalysis
(Figure 3). Moreover, rinse test experiments clearly show
the absence of catalytic activity of this adsorbed layer
(Figures S21, S39 and S41).

A bulk electrolysis experiment coupled to O, detection
using a Clark-type sensor was carried out and the results
are presented in Figures S45-S53. In these experiments,
the concentration of the catalyst was kept at the low
value of 0.1 mM in order to minimize the adsorption
process. Using high surface GC plate electrode (1.0 cm?)
for a CPE experiment during 11 hours at an applied
potential (E,,,) of 1.2 V afforded 79 TONs (using the total
amount of catalyst in solution) and a faradaic efficiency
(FE) of 50%. The low value for the FE might be related to
the oxidative degradation of the carbon electrodes.
Indeed, when a similar experiment was performed in a
BDD (0.5 cm?) during 11h, 34 TONs were obtained in the
same timescale with a FE close to 100% as expected for
the more oxidatively robust BDD electrode. Using
Savéant’s formula%32 that takes into consideration the
concentration of the electroactive catalyst within the
double layer, it results in a value of approx. 6 million
TONSs.

Rinse tests (Figures S48 and S53) of the electrodes
after the CPE discard the presence of active CuOx at the
surface of the electrodes due to the lack of electroactivity.
This agrees with XAS (Figure 3) and microscopy analysis

(Figures S58-S65) of the same electrodes, where the
spectroscopic features of copper oxide are absent.
Control experiments in the absence of catalyst and using
Cu(NO,), as the copper source confirm the catalytic
activity arising from the molecular catalyst (Figures S54-
S57).

3. Discussion and Conclusions

One of the key issues for the design of a molecular
water oxidation catalyst is the strategy that a molecule
will follow to store the four positive charges (or holes) so
that they can be progressively transferred to two water
molecules for their oxidation to form dioxygen.”* The
presence of redox active ancillary ligands that can be
reversibly oxidized allows to have an additional site of
oxidative equivalent storage and thus increases the
versatility for catalyst design that in turn can lead to
better control of overpotentials as well as turnover
frequencies. This is particularly important for 15t row TM
where the energy differences from successive oxidation
states is much larger than in Ru complexes as manifested
by their K-edge energies (0.8 €V per oxidation state for
Ru;92 2.8-3.3 eV for Cr, Mn, C0;939495 and 3.1 eV for Cu
(this work)). The ligand design is also important with
regard to the stability of these complexes at low pH.

To take advantage of this, it is of paramount
importance to understand the behavior of the redox
active ligands combined with transition metals that is the
interplay between the two of them when electrons are
removed from the complex. For this purpose, it is useful
to elucidate the main site of electron removal upon the
different formal oxidation states of the complex. In this
context it is interesting to see that in organic solvents the
first oxidation occurs at the metal site for both 12 and 2>
generating a diamagnetic d® Cu(III) ion complex. Then
the second and third oxidations occur mainly at the
phenyl-bisamidate units of the ligands and their redox
potentials are relatively close. However, in aqueous
solution it is striking to realize that for 22- the oxidation
sequence is similar as in organic solvents but for 1> the
oxidation leads to a paramagnetic species where electron
density has also been removed from the m-system of the
ligand.

The change in the electronic structure, or valence
tautomerism, exerted by the solvent interaction
evidences the energetic near degeneration in the frontier
orbitals and the subsequent easy access to the different
electronic states, corresponding to metal-centered, d-
orbital oxidation or ligand-centered, m-orbital oxidation.
This behavior determines an important redox metal-
ligand cooperativity in complex 12> upon electron
removal that is absent in complex 22, which features
lower degeneration of the frontier orbitals due to the
lower mt-delocalization. It is impressive here how small
variation on the ligands and their n-system can affect the
stability of the different spin states of the complex at the
different oxidation states and what is more, can have
radical changes on catalyst performance.
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While complex 22> suffers decomposition during
catalysis, 1> remains stable and highly active thanks to
the evidenced redox cooperativity between the metal and
the ligand upon subsequent oxidations, which leads to
stabilization of the accumulated oxidative equivalents by
charge delocalization. Importantly, this phenomenon
avoids the high energetic oxidized species centered at the
ligand that can undergo oxidative degradation and high-
valent metal centers that require large potentials and are
frequently involved in the formation of metal oxides. The
larger macrocycle size and more limited electronic -
delocalization in complex 2% prevents such productive
metal-ligand cooperation and lead to poor stability under
oxidative conditions. Consistent with previous analysis,
this could be attributed to the higher reactivity of the
ligand-centered radical formed during oxidation that
undergo fast degradation.

In addition, the stabilization against acidic
demetallation and the two accessible and close ligand-
based oxidations are essential characteristic of the
macrocyclic ligands to enable water oxidation at neutral
pH, where an extra oxidation is required to generate a
more active Cu complex. In the case of catalyst 32, which
also features more limited electronic delocalization,
water oxidation at pH 12 proceeds via similar initial
sequence as in 22, with a first metal oxidation and a
second ligand oxidation. However, the acyclic ligand in
this case, determines a more labile character of the
complex, which undergoes acidic demetallation below
pH 10 and prevents its application in water oxidation at
neutral pH. Moreover, this complex only features one
phenyl ring and thus can only accumulate one oxidative
equivalent at the accessed potential. This prevents the
generation of more active Cu intermediates and thus,
would limit its application in water oxidation at pH 7
according to previous findings using catalyst 12-.

We envision the cooperative approach reported here
for oxidative equivalent accumulation as a powerful tool

for the design of more stable and efficient molecular
catalyst for redox reactions. Elucidating the nature of the
oxidative processes is thus essential to understand and
promote productive mechanisms toward water
oxidation. In this context, the frequent lack of analysis
regarding irreversible precatalytic waves hinders
stablishing relevant design criteria. That behavior is
indicative of substantial changes in the nature of the
initial molecular complexes upon oxidation, which
usually leads to degradation as in the case of complex 22-.
A few of the most illustrative examples of 1%t row TM
complexes used in water oxidation are presented in
Table 1, which helps to contextualize the current
achievements. As evidenced from these data, the general
performances of 1%t row TM at neutral pH are limited in
terms of TOF and TONs. Moreover, the scarce
mechanistic information available precludes the analysis
of structure-activity relationships.

In the present work we show that by using the redox
active ligand strategy and properly using the molecular
coordination chemistry toolkit we have managed to
generate an extremely robust and fast water oxidation
catalyst with a TOF,,, of 140 s* that works even at
neutral pH at very low overpotentials of 200 mV. This
kinetics is also relevant compared to the fastest Ru
catalysts at pH 7 when similar low overpotential values
are considered via the Tafel plot, which feature TOF in
the order of 102-10.24 In addition, we achieve an
unprecedented electrochemical and spectroscopic
characterization of the species involved in the catalytic
cycle for 1 row TM complexes that has been supported
by DFT calculations. Those studies have revealed an
alternative cooperative mechanism in the accumulation
of oxidative equivalents to promote water oxidation, in
contrast with traditional pure metal oxidations. We
expect this work will contribute to open new avenues for
the design of redox non-innocent ligands for catalytic
oxidations.

Table 1. Summary of the catalytic performance of different relevant complexes used for water
oxidation electrocatalysis containing Cu, Fe®$, Ni°” and Co??

Entry Catalyst® pH  Conditions Nn(mV)  TOFp. (s TONS Ref
1 [(bpy)Cu(OH).] 12.5 0.1 M NaOH/NaOAc 750 100¢ 0.45% 37
2 [(dhbp)Cu(OH,).] 12.4 0.1 M NaOH/NaOAc 540 0.4¢ 12 (400)P 32
3 [Cu(pyalk).] 13.3 0.1 M KOH 520 0.7¢ 302 40
4 32 1.5 0.1 M phbff 700} 3.6P 0.5 (1.9 x103)> 31
5 1 7 0.1 M phbff 200/ 140P(1621) 792 (6x10%)P twe
6 22 7 0.1 M phbff 100 - NRs twe
7 [(Py,P)Cu(OH)]- 8 0.1 M phbff 500 20° 192 41
8 [Cu,(BPMAN)(u-OH)J3+ 7 0.1 M phbff 800 0.6¢ NRs 43
9 [Cu(Porf)] 7 0.1 M phbff 310 30P 52 45
10 {{(MeOH)Fe(HL5)].(n-0)}4++ 7 0.1 M Na,SO, 300 1.2¢ NRs 96
11 [Ni(Porf)] 7 0.1 M phbff 183 0.67¢ NRs 97
12 [Co(Py5)(OH,)]>* 7.6 0.1 M phbff 500 79¢ NRs 98

a Calculated from bulk. P Calculated from Savéant’s FOWA9©, ¢ Calculated from the maximum catalytic current assuming
ideal S-shape response of the CV-". 4 Mixtures of water and propylene carbonate as solvent. ¢ tw stands for this work. f phbf is
phosphate buffer. 8 NR stands for not reported. ! ligands abbreviation used: bpy is 2,2’-bpy; dhbp is 6,6’-dihydroxy-2,2’-bpy;
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pyalk is 2-pyridyl-2-propanoate; Py,P is N,N-bis(2-(2-pyridyl)ethyl)pyridine-2,6-dicarboxamidate; BPMAN is 2,7-[bis(2-
pyridylmethyl)aminomethyl]-1,8-naphthyridine; Me,Cyclam is 1,4,8,11-Tetramethyl-1,4,8,11-tetraazacyclotetradecane, Porf is
tetrakis(4-N-methylpyridyl)porphyrin; dpaq is 2-[bis(pyridin-2-ylmethyl)Jamino-N-quinolin-8-yl-acetamidate; HL5 (Hbbpya)
is N,N-bis(2,2’-bipyrid-6-yl)amine; HPFFCX-CO.H is 2,3,7,8,12,13,17,18-Octafluoro-10-(4-(5-Hydroxycarbonyl-2,7-di-tert-
butyl-9,9-dimethyl-xanthene))-5,15-bis(pentafluorophenyl)corrole; Pys is 2,6-(bis(bis-2-pyridyl)methoxymethane)pyridine. i
The value of the kinetic constant ks and thus TOF,,,, for this system has also been calculated with the approximate method
assuming S-shape response of the CV. I The overpotential has been calculated from the DPV experiment as the potential where
the maximum peak corresponding to the catalytic process appears.
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