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ABSTRACT: A self-assembly-formed triglycylglycine
macrocyclic ligand (TGG*") complex of Cu(Il),
[(TGG*)Cu"—0OH,]*", efficiently catalyzes water oxida-
tion in a phosphate buffer at pH 11 at room temperature
by a well-defined mechanism. In the mechanism, initial
oxidation to Cu(IIl) is followed by further oxidation to a
formal “Cu(IV)” with formation of a peroxide inter-
mediate, which undergoes further oxidation to release
oxygen and close the catalytic cycle. The catalyst exhibits
high stability and activity toward water oxidation under
these conditions with a high turnover frequency of 33 s™".

atalytic water oxidation is an active area of research, of

fundamental interest because of its importance in natural
and artificial photosynthesis as the “other half reaction”.!
Notable progress has been made in homogeneous water
oxidation catalysis with transition metal complexes, including
mononuclear, binuclear, and multinuclear complexes of
manganese,2 ruthenium,® iridium,* iron,®> and cobalt.® Limi-
tations arise from the use of precious metals involved catalysts,
strenuous catalyst synthesis, or unstable catalysts under the
conditions needed for sustained catalysis. In integrated
chromophore—catalyst assemblies for solar fuel applications,
an additional complication arises if the catalyst is a competitive,
nonproductive light absorber. These factors emphasize the
importance of identifying efficient, robust first-row molecular
catalysts with low light absorptivites.

Copper is an earth-abundant and biorelevant metal, yet the
use of Cu for water oxidation is much less explored. In an
earlier report, Mayer and co-workers reported on a Cu(II) 2,2'-
bipyridine catalyst for water oxidation.” We report here a well-
defined Cu(II) complex prepared in situ from a triglycylglycine
macrocyclic ligand, [(TGG*")Cu"~OH,]*", Figure 1, which is
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Figure 1. (Left) Structure of the catalyst, [(TGG*")Cu~OH,]*".
(Right) Its absorption spectrum in 0.25 M phosphate buffer at pH 11.
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an efficient, rapid electrocatalyst for water oxidation undergoing
multiple turnovers with retention of its catalytic reactivity.
Mechanistically, the results of electrochemical studies reveal a
stable Cu™ form and experimental details that point to the
mechanism of water oxidation.

Catalyst Structure. The coordination of Cu in metallo-
proteins and synthetic forms has been extensively investigated.®
The structure of the Cu(II) complex of the triglycylglycine
macrocyclic ligand in Figure 1 at high pH was reported
previously.®™ The coordination between Cu' and the
triglycylglycine macrocyclic ligand is pH dependent, with the
pH dependence arising from the amide groups with
successively increasing pK, values (5.6, 6.8, 9.0); the
deprotonated structure shown in Figure 1 dominates at pH
>10.%° The catalyst was independently synthesized as
described in the literature, and its absorption spectrum (blue
line, Figure 1) is the same as for the self-assembled complex in
solution when the ligand and Cu(OH), were mixed in a 1:1
ratio at pH 11 (red dashed line in Figure 1). The complex has a
characteristic d-d absorption at 530 nm with molar absorptivity
of ...~ 100 M™! cm™.

Cyclic Voltammetry (CV). The redox properties of the
complex were investigated by CV in water with added
phosphate buffers. The CVs were recorded in air at glassy
carbon (GC), boron-doped diamond (BDD), and tin-doped
indium oxide (ITO) working electrodes. The reference
electrode was a saturated calomel electrode with potentials
reported vs normal hydrogen electrode (NHE) by the addition
of 0.244 V to measured potentials. Figure 2 shows CVs of
[(TGG*)Cu"-OH,]*" obtained at pH 11 in a 025 M
phosphate buffer solution at a GC working electrode.

In the CV, one well-defined, reversible oxidation wave
appears at E, , = +0.58 V vs NHE with a peak-to-peak splitting
of AE, = 70 mV at a scan rate of 10 mV/s. This wave is pH
dependent, decreasing by ~59 mV/pH (Figures S1—S3). The
pH dependence is consistent with reversible oxidation of the
Cu(1I) form of [(TGG*")Cu"—OH,]*" to Cu(IIl) by proton-
coupled electron transfer to give the hydroxyl form, with the
couple shown in eq 1."
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(TGG*)Cu"-OH,” —— [(TGG*")Cu™-0OH*" (1)

At more positive potentials, an additional, irreversible
oxidation wave appears at E,, = 1.32 V vs NHE in 025 M
phosphate buffer (pH 11) with a greatly enhanced underlying
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Figure 2. (Left) CV in 0.25 M phosphate buffer (pH 11) at a GC
electrode, 0.89 mM [(TGG*")Cu"-OH,]*", scan rate = 10 mV/s.
The inset shows a magnified view of the Cu"™™ couple at E,,, = 0.58
V. (Right) Plot of catalytic peak current at E,, = 1.32 V vs the
concentration of catalyst.

current compared to the background.'* As shown in the CV, on
a reverse scan, the reversible wave for the [(TGG*")Cu'l-
OHJ*"/[(TGG*")Cu"-OH,]*~ couple is observed without
loss of peak current, consistent with water oxidation catalysis
rather than oxidative decomposition of the complex. The
current enhancement for the wave at E,, = 1.32 V is consistent
with catalytic water oxidation. The onset for water oxidation
appears at ~1.10 V vs NHE, an overpotential of ~0.52 V.
Water oxidation is due to the complex and not from
uncomplexed Cu(II) in solution. Addition of 1 mM CuSO,
to the 0.25 M phosphate buffer (pH 11) resulted in immediate
precipitation of Cu(PO,), (K,, = 140 x 107) and/or
Cu(OH), (K,, = 2.0 x 107"), and the resulting solution/
sus)pleznsion has no activity toward water activation (Figure
S4).

Electrocatalytic Water Oxidation by [(TGG*")Cu'"-
OH,]*". Evolution of O, as a product was investigated by
controlled potential electrolysis at +1.3 V on a large surface area
ITO (0.70 cm?) electrode with 2 mM [(TGG*")Cu"-OH,]*~
in 0.25 M phosphate buffer (pH 11) (Figure 3, left, and Figure
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Figure 3. (Left) Catalytic current obtained upon controlled potential
electrolysis without (dashed line) and with (solid line) 1 mM
[(TGG*)Cu"—-OH,]* at an ITO electrode (0.70 cm?) in 0.25 M
phosphate buffer (pH 11) at 1.30 V vs NHE. (Right) Normalized gas
chromatographic trace before (black line) and after (red line)
electrolysis.

SS). The background for oxygen formation at the applied
potential in the absence of catalyst was negligibly small. With
added [(TGG*)Cu"-OH,]*", the catalytic current was
sustained for at least ~5 h at a stable current density of 0.80
mA/cm® After a S h electrolysis period, the current slightly
decreased due the decrease in pH by 1.5 units, consistent with

4e”
consumption of OH™ by water oxidation,"> 4OH™ — O, +
2H,0.The original catalytic current density was recovered
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when the solution pH was adjusted back to the original 11, and
was then sustained for an additional S h.

The evolved O, was analyzed by gas chromatography (Varian
450-GC), Figure 3 (right), which gave ~39 ymol of O, over an
electrolysis period of 8 h with a Faradaic efficiency of 99% for
O, through ~13 catalytic turnovers based on the initial amount
of [(TGG*)Cu"-OH,]*” in the solution.

Water oxidation catalysis is homogeneous. Following long-
term electrolysis, and up to 13 turnovers, there was no
spectroscopic change in the electrolysis solution when the
solution pH was adjusted back to 11, showing that the catalyst
was intact. There was no evidence for heterogeneity of the
catalyst. Over multiple CVs and during controlled potential
electrolysis, there were insignificant changes in peak currents or
wave shape (Figure S6). A GC electrode subjected to catalytic
water oxidation electrolysis at 1.32 V vs NHE with ~1 mM
[(TGG*")Cu"-OH,]*” at pH 11 for 2 h gave no catalytic
response in a fresh, copper-catalyst-free electrolyte at pH 11
(Figure S7). Under the same conditions, but at an ITO
electrode, there was no evidence for precipitation or film
formation by absorption spectrum (Figure S8), SEM (Figure
$9), and XPS (Figure S10) after a 2 h electrolysis period.

Kinetics. The catalytic peak current for water oxidation, i,
varies linearly with the concentration of catalyst, [(TGG*")-
Cu"-0H,*"] (Fi%ure 2), consistent with single-site copper
catalysis and eq 2, +

icat = ncatFA[Cu] (kcarDCu)l/2 (2)

where n., = 4 is the electrochemical stoichiometry for water
oxidation, F is the Faraday constant, A is the electrode surface
area (in cm?), [Cu] is the concentration of catalyst (in mol/L),
and Dg, is the diffusion coefficient of the catalyst in 0.25 M
phosphate buffer at pH 11. As shown in Figure 4, and as
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Figure 4. (Left) Normalized CVs (i/v'/?) for 0.89 mM [(TGG*")-
Cu"—OH,]*” in 0.25 M phosphate buffer at pH 11 at different scan
rates (v) (GC working electrode). Inset: Dependence of the peak
current for the Cu(III/II) couple at E,, =058 Vvs v, (Right) Plot
of the ratio of the catalytic current at 1.32 V, i, to the oxidative peak
current for the Cu(III/II) wave, iy, vs v~/2; see text.

expected for a solution couple, the peak current for the Cu(III/
II) couple under these conditions at +0.58 V vs NHE varies
linearly with the square root of the scan rate (v'/?), Figure 4.
This result is consistent with the Randles—Sevcik equation,

iy = 0.4633nFA[Cu](nFvD,,/RT)"? (3)

with T the absolute temperature and n = 1, the number of
electrons transferred for the Cu(III/1I) couple. From the slope
of the line, D¢, & 1 X 10> cm?*/s. The ratio of eqs 2 and 3
gives eq 4,

icat/id = 2'242(kcaﬂRT/FV)1/2 (4)
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From the slope of the plot of the ratio, ic,/ig vs v/? in Figure
4, ko = 33 s7' in 0.25 M phosphate buffer at pH 11 at room
temperature.'* In fact, this value may be a lower limit. As noted
by a reviewer, the catalytic wave may be influenced by local
depletion effects decreasing the pH and changing the buffer
ratio, although these effects should be mitigated by the high
buffer concentrations used.

For water oxidation, with water as the substrate, the
measured value of k, is also the catalytic turnover frequency
for catalytic water oxidation. The value here is comparable with
that of the previously reported copper bipyridine catalyst under
comparable conditions but at higher pH (~100 s~ at pH 13).

Mechanism. Based on the results of mechanistic studies,
largely on Ru'® and Ir**" complexes, the key O—O bond-
forming step in water oxidation appears to occur by either O-
atom transfer to a water molecule, with coupled proton loss to
an added base or second water molecule," or intramolecular
0-0 coupling.3d

With [(TGG*")Cu"—OH,]*" as the catalyst, initial oxidation
to [(TGG*")Cu™—OH]*" is followed by a second irreversible
oxidation. The second oxidation occurs by a well-defined,
catalytically enhanced diffusional wave that appears at E,, =
1.32 V vs NHE in 0.25 M phosphate buffer at pH 11. This wave
also varies linearly with [Cu]. The current density for this wave
is greatly enhanced by an underlying, potential-dependent
catalytic current for water oxidation. The peak potential for the
second wave is also pH dependent, varying by ~ —150 mV/pH
unit, with the true pH dependence presumably distorted by the
underlying catalytic process (Figure S11).

Based on these observations, a mechanism for water
oxidation is proposed in eqs 5—7 and Scheme 1. In this

Scheme 1. Proposed Mechanism for Water Oxidation by
[(TGG*")Cu"—~O0H,]*" in Phosphate Buffer Solutions at pH
11°
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“In the catalytic cycle, electrochemical evidence has been obtained for
[Cu—OH]*, [Cu¥(0)]*, [Cu"-OOH]*" or [Cu'(HOOH)]*,
and [Cu™™-007]%" or [Cu"-OOH]*".

mechanism, the wave at E , = 1.32 V vs NHE arises from

further oxidation of [(TGG4 )Cu'"—-OH]*", with the pH

dependence suggesting additional proton loss. The product of

the second oxidation would be the formally d’ [(TGG*")-
Cu'(0)]*” intermediate shown in eq S,

-t

[(TGG*)Cull—oHP~ =25,

[(TGG*)cu™(0)]*~ ()

It is analogous to the reactive d® Ru'(O) form of Ru
15b

polypyridyl complexes'® and, presumably, largely ligand-

centered oxyl in character, ie., [(TGG*)Cu™(0*)]*". 16
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In the mechanism in Scheme 1, once formed, the Cu'(O)
intermediate undergoes rate-limiting O—O bond formation by
reaction with water, eq 6a.

(TGG*)Cu™v(0)*” + H,0 — [(TGG*")Cu"(HOOH)*~

(6a)

(TGG")Cu¥(0)*” + H,0 + B

- [(TGG*)Cu™(OOH)P~ + H-B* (6b)

As found for [Ru'(tpy)(bpm)(O)]** (tpy = 2,2;6'2"-
terpyridine; bpm = 2,2'-bipyrimidine) and shown in eq 6b,
oxo transfer may involve a second water molecule or added
base—OH~, HPO,*", PO4 —as a proton acceptor and atom-
proton transfer (APT)"* to give a hydroperoxide intermediate
(Cu"(OOH)) directly. The catalytic peak current for the wave
at 1.32 V vs NHE, normalized by the square root of the scan
rate (ip,a/ v/ 2, Figure 4, increases with decreasing scan rate,
consistent with a chemical step and rate-limiting O—O bond
formation. With this interpretation, k., obtained from the rate
studies is the rate constant for the O—O bond-forming step in
eqs 6a and 6b. The catalytic peak current is dependent on the
concentration of buffer base, HPO,>~ + PO,’", at fixed pH
(Figures S12 and S13), pointing to a contribution from an APT
pathway and the reaction in eq 6b.

The irreversibility for the second oxidation, and the elevated
current levels following oxidation to [(TGG*")Cu"(0)]*,
presumably come from further oxidation of the intermediate
peroxide, release of O,, and re-entry into the catalytic cycle,
Scheme 1 and eq 7 or their equivalents, followed by further
oxidation of [(TGG*)Cu(OOH)]*". This mechanism is
analogous to the mechanism estabhshed for single-site Ru
polypyridyl water oxidation catalysts.'>

[(TGG*)Cu™(OOH) P~

—4¢”,—3HT,+H,0
_—

(TGG")CuV=0]" + O, (7)

As shown in Figure 5, there is evidence for the proposed
peroxide intermediate in CVs. Following an oxidative scan
through the catalytic wave at E,, ~ 1.3 V (pH 11 at a scan rate
of 100 mV/s), a new wave appears at E;, = 0.38 V (Figure S,
black line, and Figure 2 inset). This wave does not appear in
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Figure 5. CVs of [(TGG*")Cu"—OH,]*". (a) Red dashed line: With
scan reversal before the catalytic water oxidation wave with the
[(TGG*)Cu™-OH]* /[(TGG*")Cu"-OH,]*" couple appearing at
E,;, = 0.58 V. (b) Black line: With scan reversal following a scan into
the catalytic water oxidation wave with the appearance of a new wave
at E;/, = 0.38 V. (c) Blue line: After addition of a few drops of dilute
H,0,. BDD working electrode, at 100 mV/s.
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CV scans that are reversed before the wave at 1.3 V and only
appears at relatively rapid scan rates. Similar observations have
been made for polypyridyl Ru complexes and attributed to
peroxide intermediates.'> We tentatively assign this wave to a
peroxide couple, [(TGG*")Cu™(00)]* /[(TGG*")Cu"—
OOH]*™ or [(TGG*)Cu™(0OO0H)]*> /[(TGG*)-
Cu'(HOOH)]*". The wave at 0.38 V also appears upon
addition of hydrogen peroxide to solutions containing
[(TGG*")Cu"-OH,]*", presumably by substitution of water
by peroxide in the aqua complex, [(TGG* )Cu-OH,]*~ +
HOOH - [(TGG*")Cu"(HOOH)]* + H,0. Copper peroxo
complexes are known as key intermediates in oxygen reduction
by copper proteins and synthetic models."”

Concluding Remarks. We describe here a robust, reactive,
water-soluble Cu(II) catalyst which carries out water oxidation
by a well-defined mechanism with key intermediates charac-
terized. The catalyst employs an earth-abundant metal and is
easy to prepare based on a polypeptide ligand structure.
Although water oxidation occurs at an overpotential of ~0.52 V
at pH 11 in 025 M phosphate buffer, the rates, turnover
numbers, and catalyst stability are impressive.

The stabilities of the catalyst and its peptide ligand system
are notable, as well as the ease of synthesis. Given the synthetic
versatility of these complexes, a door may be open for the
systematic investigation of a large number of related complexes
for water oxidation catalysis.
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