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ABSTRACT: Water electrolysis is among the simplest
methods to generate hydrogen, which can be used as a
clean and renewable energy source. Within this process, the
oxidation of water into molecular oxygen is considered as the
bottleneck reaction because it involves the transfer of four
electrons toward the oxidation of a highly stable small
molecule. Challenges in this area include the development of
stable and effective electro- and photocatalysts that utilize
readily available metal ions. Herein we report a copper−
peptidomimetic complex as an electrocatalyst for water
oxidation, which is both highly stable and efficient. Inspired
by enzymatic catalysis, which is largely based on intra-
molecular cooperativity between a metal center and functional organic molecules located on one scaffold, we have designed and
synthesized a peptoid trimer bearing a 2,2′-bipyridine (bipy) ligand, an −OH group, and a benzyl group. Both experimental and
computational data reveal that binding of CuII to this peptoid in aqueous medium occurs via the bipy group and two hydroxyl
moieties from the solution. Based on a systematic electrochemical study, we show that this complex is an active electrocatalyst
for water oxidation in aqueous phosphate buffer solution enabling oxygen evolution at pH 11.5 with a turnover frequency of 5.8
s−1 and a Faradaic efficiency of up to 91%. Importantly, this catalyst is highly stable over at least 15 h of electrolysis. Thus, we
could reuse it for at least 9 times in 40 min electrolysis experiments, demonstrate that it retains its activity in every experiment,
and obtain oxygen evolution with an overall turnover number record (based on moles oxygen to moles catalyst) of >56 in 6 h.
Moreover, based on electrochemical experiments, spectroscopic data, and density functional theory-D3 calculations, we
identified a key peroxo intermediate and propose an intramolecular cooperative catalytic path for this reaction, which suggests
that the −OH group has a major role in the high stability of the complex.
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■ INTRODUCTION

Cooperative catalysis is a key to many successful trans-
formations as it lays in the foundation of enzymatic activity.
Enzymatic catalysis is largely based on the cooperativity
between binding sites, specifically metal complexes, and
nonreacting components that influence reaction barriers and
control access to the binding site. This cooperativity leads to
the creation of catalytic pockets, which enable enzymes’ high
specificity and efficiency. Mimicking enzymatic cooperativity
by designing intramolecular catalytic systems, in which both
the catalytic group(s) and the nonreacting components are
tethered in close proximity to each other, is therefore a
promising approach to address grand challenges in catalysis,
specifically in the catalytic activation of small and stable
molecules and bonds. One of the most important challenges in
this context is the development of efficient electrocatalysts and
photocatalysts for water splitting to molecular oxygen and
hydrogen, the later being a renewable and sustainable energy
source. The first step in this reaction, water oxidation, is an
important step in artificial photosynthesis as it provides the
protons and electrons used in reduction reactions to make

solar fuels.1 However, it is also the thermodynamically
challenging step both in natural and artificial photosynthesis,
2H2O → O2 + 4H+ + 4e− (ΔE° = 1.23 V, ΔG = 113 kcal
mol−1).2 In nature, this transformation is catalyzed by the
oxygen-evolving complex (OEC) in photosystem II of green
plants and cyanobacteria, exploiting solar energy to drive
electron transfer.3,4 Within this process, a noncatalytic redox
active tyrosine residue assists transferring protons and
electrons between the catalytic center, a CaMn4O5 cluster,
and the oxidant, a primary donor within photosystem II, and
serves as a hydrogen-bonding site to provide H2O and H+

shuttle pathways to and from the catalytic Mn site.
One major goal in this field is the development of highly

efficient and stable electro- and photocatalysts that are based
on earth-abundant transition metals. Thus, water oxidation
electrocatalysts from Co,5 Fe,6 Ni,7 Cu,8 and Mn9 have drawn
great attention in recent years. Among these, significant
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advances have been made in the area of Cu-based water
oxidation catalysis with a notable breakthrough in the
development of simple CuII complexes as homogeneous
electrocatalysts.8,10 Recently, it was shown that −OH groups
within copper-binding ligands have a significant role in
facilitating the oxidation of the CuII center and/or in stabilizing
the CuIII oxidation state, thus leading to its enhanced
activity.10c,11 In addition, there were two reports on Cu-
peptides as electrocatalysts for water oxidations.8b,10i These
catalysts were shown to perform with high catalytic rate, albeit
no cooperative mode of action was demonstrated in these
cases. Moreover, as the peptide backbone is significantly
unstable toward harsh oxidation and non-natural pH
conditions, development of peptides and proteins as water
oxidation catalysts might be limited. We therefore envisioned
that the use of rationally designed robust biomimetic scaffolds
in which the distance, orientation, and interactions between
the active groups can be precisely tuned, in combination with
an efficient copper water oxidation electrocatalyst, would
enable both optimized efficiency and high catalyst stability.
Peptoids, N-substituted glycine oligomers, are an important

class of biomimetic oligomers, to which various side chains,
including catalysts and metal-binding ligands, can be
incorporated in a specific manner.12 Moreover, we have
previously described efficient intramolecular cooperative
catalytic oxidation transformations by a peptoid trimer bearing
two different catalytic groups, namely, a 1,10-phenanthroline-
based copper complex at the N-terminus, 2,2,6,6-tetramethyl-
piperidin-1-yl) oxyl in the respective position and a non-
catalytic benzyl group.13 We showed that the position of the
three groups affects the catalytic activity and that the presence
of the benzyl group is crucial because it actually enables the
intramolecular mode of action leading to the high catalytic
efficiency. Herein we adopted a similar approach within a short
peptoid trimer containing a bipy group, a very good ligand for
copper binding, a hydroxyl group as a proton acceptor site that
should improve the efficiency and rate of the reaction, and a
benzyl group (Scheme 1), which has a role in the

intramolecular cooperativity, as a biomimetic ligand backbone
for electrocatalytic water oxidation. We found that this peptoid
trimer binds copper in alkaline phosphate buffer via the bipy
nitrogen atoms and two −OH groups from the solution in a
tetra-coordinated geometry and is highly stable and active
electrocatalyst toward water oxidation. A systematic study on
the electrocatalytic water oxidation activity of the complex in
aqueous phosphate buffer solution revealed oxygen evolution
at pH 11.5 with a turnover frequency (TOF) of 5.8 s−1, a
Faradaic efficiency of up to 91%, and high catalyst stability over
at least 15 h. We also showed that the catalyst retains its

activity in at least 9 sequential 40 min electrolysis experiments
and obtained oxygen evolution with an overall turnover
number (TON) record (for homogeneous copper-based water
oxidation electrocatalysts) of >56 in 6 h. Moreover, based on
previous studies done by other groups as well as electro-
chemical experiments, spectroscopic analysis, and density
functional theory (DFT)-D3 calculations done here, we
could propose an intramolecular cooperative catalytic mode
of action for this reaction, demonstrating that the hydroxyl
group from the peptoid backbone is a key to the high stability
and efficiency of the complex.

■ RESULTS AND DISCUSSION
The peptoid BPT was synthesized using a solid-phase
method14,15 (see Experimental Section for details), cleaved
from the solid support and purified by high-performance liquid
chromatography (HPLC, > 95% purity). The molecular weight
measured by electrospray mass spectrometry (ESI-MS) was
consistent with the mass expected for its sequence (see
Supporting Information). This peptoid was treated with
copper perchlorate hexahydrate in methanol, and after 2 h of
stirring, a blue color solid precipitate was obtained. The
precipitate was isolated, washed, and dried. This complex is
highly soluble in aqueous solution at various pH conditions.
The mass spectra of the Cu-peptoid complex in deionized
water (pH = 6.3) showed two peaks at 581.96 and 682.05,
which correspond to the complex BPTCu in the absence and
presence of one perchlorate ion, respectively (see Figure S3).
On the basis of previous reports showing that the combination
between bipy and CuII at pH > 12 affords the complex
[Cu(Bipy)(OH)2], which can act as efficient electrocatalyst for
water oxidation at pH = 12.5,8a we decided to dissolve BPTCu
at pH = 12.5 and test its activity as a water oxidation
electrocatalyst. Adding the solid metallopeptoid to an aqueous
solution at pH = 12.5, however, resulted in the precipitation of
a brown solid and the solution became clear. MS analysis
indicated that only the metal-free peptoid BPT is present in
this solution, suggesting the dissociation of the complex at this
pH. To explore the stability of this complex in basic
conditions, it was further dissolved in aqueous phosphate
buffer solutions at pH 8, 10, and 11.5, and characterized by
ESI-MS analysis as well as by FT-IR and UV−vis spectroscopy.
The MS analysis of the powder copper peptoid complex
dissolved in each of these pH conditions revealed three
different masses, 582.18, 584.98, and 618.06, which match the
masses of BPTCu, (BPTCu + 2H+) and [BPTCuII(OH)2],
respectively (see Figure S4). The FT-IR spectrum of the
complex exhibits the following bands in the 2900−3500 cm−1

region: ν (O−H) = 3475 cm−1, ν (N−H) = 3251 cm−1, ν (C−
H) = 2964 cm−1, and a band near 1069 cm−1, associated with
M-ClO4 stretching (see Figure S5). The UV−vis spectrum of
the peptoid complex in the pH range of 8−11.5 shows a
characteristic band at λmax = 322 nm, and is lacking the band at
299 nm, which corresponds to the free bipy-peptoid ligand
(see Figure S6). Additionally, the EPR analysis of the complex
in basic phosphate buffer solution (frozen) containing 0.5 mM
BPTCuII(OH)2 was performed and the spectrum obtained is
characteristic of a CuII system with four hyperfine lines. The
simulate spectrum produced the parameters g|| = 2.28, g⊥ =
2.042 and A|| = 147G. These clearly imply that there are 2O
and 2N atoms coordinating to the CuII ion16 (see Figure S7).
Collectively, these results suggest that the CuII ion is bound to
the bipy ligand as well as to two −OH units from the solution

Scheme 1. Structures of (a) Peptoid Ligand BPT and (b)
the Cu−Peptoid Complex [BPTCuII(OH)2], Which Is
Expected To Be Formed in Basic pHs
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medium, as accepted in the literature,17,8a forming a tetra-
coordinated geometry within the metal lopeptoid
BPTCuII(OH)2 (Scheme 1b). Recently, we have published
the crystal structure of a dinuclear CuII complex from the same
peptoid (BPT), which was crystallized from acetonitrile
solution.15 In that report, we showed on the basis of
experimental spectroscopic data and DFT calculations done
with the coordinates taken directly from the CIF file that the
structure transforms to the monomeric complex in solution.
Here, the experimental ly suggested structure of
BPTCuII(OH)2 (Scheme 1b) was optimized by DFT-D3
calculations (considering the dispersion correction)18 at the
level of B3-LYP with def2-TZVP for CuII and def2-SVP for the
other atoms as basis sets with unrestricted Hartree−Fock,
using turbomole and ORCA (3.0.3) software package. The
calculations reported here were executed using the solvent
model for water with the coordinates directly taken from the
published CIF file (CCDC number 1559281).15 The
optimized structure of [BPTCuII(OH)2] is depicted in Figure
1. As suggested in Scheme 1b, the central metal is four

coordinated, and the bond distances from this center to ligated
centers are as follows: Cu (1)-N(7): 2.05 Å, Cu(1)−N(8):
2.10 Å, Cu(1)−O(41): 1.91 Å and Cu(1)−O(40):1.87 Å. The
angles are O(41)−Cu(1)−N(7): 92.87°, O(40)−Cu(1)−
N(8): 98.48°, N(7)−Cu(1)−N(8): 78.91° and O(40)−
Cu(1)−O(41): 96.18°. Interestingly, the −OH moiety from
the peptoid side chain forms a strong hydrogen bonding
interaction with one hydroxyl moiety that is bound to the CuII

center. In addition, the etheric oxygen atom attached to the
bipy ligand is forming hydrogen bonding with the second
hydroxyl moiety that is bound to the CuII center. The
hydrogen bond distances are 1.59 Å [O(4)−H(42)···O(41)]
and 2.04 Å [O(40)−H(74)···O(2)], respectively, and these
stabilize the complex. Overall, our experimental data and DFT-
D3 calculations, as well as the relevant literature, indicate that
the CuII ion binds the bipy ligand and two −OH units from the
solution medium.
Followed this analysis, we turn our attention to investigate

the redox properties of [BPTCuII(OH)2] by cyclic voltamme-
try (CV) in phosphate buffer at pH = 11.5, 10, and 8. The CVs
were obtained under air using a glassy carbon (GC) working
electrode and Ag/AgCl reference electrode. On scanning at
100 mV/s from 0 to +1.7 V vs. NHE, the aqueous buffer

solutions of the complex exhibited irreversible, pH-dependent
oxidation waves in the pH ranges of 8 to 11.5, with the highest
catalytic water oxidation peak appearing at pH 11.5 (Figure
2a). Scanning the later solution at 100 mV/s from 0 to +0.8 V

using the linear sweep voltammetry (LSV) technique revealed
a well-defined reversible oxidation wave at E1/2 = +0.30 V vs.
NHE with a peak to peak splitting of ΔEp= 110 mV
corresponding to the formation of a d8 CuIII (Figure 2b).
This oxidation peak is significantly lower than the oxidation
potential typically observed for the CuII/III transition; the
minimum potential reported was about 0.52 V vs. NHE.8 We
have previously demonstrated that the incorporation of
ruthenium-bipy centers within peptoid oligomers facilitates
the RuII/III process as the oxidation potentials of Ru(bipy)3-
peptoids are negatively shifted compare to this of Ru(bipy)3.

12f

The shifts in these cases, however, were rather small (about 50
mV decrease in the E1/2), whereas in the case of
[BPTCuII(OH)2], we obtained a decrease of about 200 mV.
This result suggests an unusual stabilization of the transition
state CuIII complex compare to other CuIII complexes that
were reported as transition states in electrocatalytic water
oxidation. One possible explanation for this unique stabiliza-
tion could be that the complex forms some hydrogen bonding
between the −OH from the ethanolic side chain and the
hydroxyl groups bound to Cu. To test this possibility, we have
used a copper complex that was prepared from a peptoid
trimer similar to BPT in which we have replaced the − OH
moiety in the ethanolic group by a −OCH3 group.

15 The CV
of this complex revealed an CuII/CuIII oxidation wave at E1/2 =
+0.50 V vs. NHE (Figure S9). This observation indicates that
the −OH group from the ethanolic side chain has a role in
facilitating the CuII/III transition. A second irreversible
oxidation, which might be associated with the oxidation of
the ligand when bound to Cu or with the oxidation of a stable
intermediate,8c,11 occurs at 1.35 V vs. NHE, leading to catalytic
water oxidation. In comparison, unbound peptoid BPT
dissolved at pH = 11.5 exhibits an irreversible oxidation at
1.75 V, which is not followed by a catalytic water oxidation
peak (Figure S10a).
In order to confirm that the catalytic process is

homogeneous, we explored whether the catalyst is operating
solely in solution or if an active catalyst is being formed and
deposited on the electrode surface leading to a heterogeneous
process. Thus, we removed the glassy carbon electrode from a
solution of [BPTCuII(OH)2] (0.5 mM in 0.1 M phosphate

Figure 1. Geometry optimized structure of [BPTCuII(OH)2]
(hydrogen bonding is shown in black dotted line).

Figure 2. (a) CVs of solutions containing 0.5 mM of the complex
[BPTCuII(OH)2] in 0.1 M phosphate buffer at various pH values on a
glassy carbon electrode (S = 0.07 cm2). (b) LSV of the complex
[BPTCuII(OH)2] in 0.1 M phosphate buffer at pH = 11.5.
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buffer, pH 11.5) after carrying out 30 continuous CV scans
from −0.8 to 1.8 V vs. NHE (Figure S11), rinsed it with water
(the electrode was not polished), and placed it in fresh 0.1 M
phosphate buffer so lut ion at pH 11.5 wi thout
[BPTCuII(OH)2]. The CV scan of this solution showed only
the blank buffer response (Figure S12). Scanning electron
microscope (SEM) images of the working electrode surface
before and after 30 continuous CV scans, showed no particle
deposited on the electrode surface (Figure S13). The outcome
suggests that the catalytic process is homogeneous. In addition,
we have examined the scan rate dependence of the oxidation
currents in 0.1 M phosphate buffer at pH = 11.5 (Figure 3a)

and obtained a linear fit when plotting the intensity of the
catalytic peak current (ic) against the square root of the scan
rate (see Figure 3b). This indicates that the oxidation currents
are diffusion controlled and the catalytic process is truly
homogeneous.8b,19

Evolution of molecular oxygen was investigated by a 2 h
controlled potential electrolysis (CPE) experiment at +1.15 V
vs. Ag/AgCl reference electrode (1.35 V vs. NHE) with a
porous glassy carbon electrode in a 0.1 M phosphate buffer
solutions at pH = 8, 10, and 11.5. A significant amount of
oxygen was detected only at pH 11.5, and thus, all further CPE
experiments were done at this pH. A current of 10 mA/cm2

was maintained during the electrolysis, which slightly
decreased because of a drop in pH by 2.1 units. This is
consistent with proton formation in the water oxidation
process (Figure S14).8b During the CPE experiment, the
evolved oxygen was measured in the gas phase by an optical
fiber oxygen probe. Within 2 h, the evolved oxygen
concentration was increased from 12 μM to 134 μM with
[BPTCuII(OH)2] (Figure 4a, red line) and from 11 μM to 18
μM without it (Figure 4a, black line). Overall, 115 μM of
oxygen were evolved in the catalytic CPE experiment. This
electrolysis experiment was afforded with a charge accumu-
lation of about 12 C (Figure 4b, red line) in the presence of 2.5
μmol [BPTCuII(OH)2], whereas a control experiment run
under identical conditions, but without the catalyst (Figure 4b,
black line), showed a charge accumulation of only 2.5 C. Based
on a 4e− process, the total charge of 9.5 C accumulated in this
process and the initial amount of catalyst in solution, the
Faradaic efficiency and the catalytic TON were calculated to be
91% and 9 in 2 h, respectively.
Importantly, under these reaction conditions, no precip-

itation was observed, and the catalyst remained intact as
evident from the UV−vis spectrum and CV taken after 2 h of

electrolysis (Figure S15 and S16). Moreover, after adjusting
the pH of this solution to 11.5 with 0.1 M aqueous sodium
hydroxide solution, it was further subjected to an additional
CPE experiment, this time for 15 h, in the same reaction
conditions as of the first 2 h experiment (Figure S17−S20).
Production of oxygen was observed over a period of 6 h out of
the 15 h, as indicated by the nonlinear increase in oxygen
evolution detected by the sensor. The total evolved oxygen
concentration was 217 μM with the catalyst and 38 μM
without it. Overall, 179 μM of oxygen evolved in the catalyzed
CPE experiment, which corresponds to a TON of 14.8 in 6 h
and to an overall TON of 23.8 in 8 h, based on the amount of
the [BPTCuII(OH)2] in solution. We have noticed that most
of the oxygen was produced in the first 3 h of the reaction. A
closer look at the oxygen production over this 3 h period, as
well as over the 2 h period of the initial CPE experiment,
revealed that most of the oxygen is actually being produced in
the first 40 min of the reaction (see Figure 4a). As the catalyst
is highly stable, we assumed that the decrease in activity is a
consequence of the decrease in pH. To probe this point, we
have prepared a new solution containing 0.5 mM
[BPTCuII(OH)2] at pH 11.5 and subjected it to a 50 min
electrocatalysis. The CPE experiment was stopped every 10
min, and the pH of the solution was measured before
reconnecting to the potentiostat. A distinct decrease in the pH
of the solution was observed over this time to pH 10.8 (See
Figure S21). As the CPE experiment with [BPTCuII(OH)2] at
pH = 10.5 showed only negligible amount of oxygen evolution,
we can assume that the reaction slows down significantly at
that pH. However, as the catalyst do not show any signs of
degradation, we envisioned that we can ideally recycle the
catalytic solution by repeating the reaction over and over for a
specific period by adjusting its pH to 11.5 each time and thus
increase the TON significantly. To explore this possibility, we
have prepared a new solution containing 0.25 mM
[BPTCuII(OH)2] and performed a continuous CPE experi-
ment by stopping the reaction every 40 min interval with
adjusting the pH to 11.5. Keeping the amount of
[BPTCuII(OH)2] constant in the bulk solution, we have
obtained a TON as high as 56 in 6 h (9 repeating cycles,
Figure 5).
In the first six repeating cycles of the experiment, the total

amount of oxygen produced in each 40 min reaction was about
30 μM. In the next 3 cycles, however, about 50 μM of oxygen
was produced in each cycle (see Figure 5a). We note that as we
readjusted the pH by adding sodium hydroxide solution, the

Figure 3. (a) CVs of a 0.5 mM complex solution in different scan
rates on a glassy carbon electrode (S = 0.07 cm2, pH = 11.5, 0.1 M
phosphate buffer, background corrected). (b) The catalytic current at
1.35 V vs. NHE plotted against the square root of scan rate (υ).

Figure 4. (a) Evolution of O2 during electrolysis measured with a
fluorescence probe and (b) total accumulated charge during control
potential electrolysis from a solution containing 0.5 mM catalyst (red
lines) and the buffer only (black lines) using a porous GC at 1.35 V
vs. NHE. All solutions contained 0.1 M phosphate buffer at pH 11.5.
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total volume of the catalyst solution in the bulk has increased.
As a consequence, after six such additions, the catalytic
solution covered a greater area of the porous-carbon working
electrode. This effectively led to a larger surface area of the
working electrode, enabling more catalyst molecules to react
and thus more oxygen and more charge were produced during
40 min electrolysis with the same amount of catalyst. Although
the catalyst remains active after 9 cycles, due to the increase in
the volume of the reaction mixture it was not possible to
continue this CPE experiment further with the same
experimental setup. To the best of our knowledge, this is the
highest TON reported based on the amount of a copper
catalyst in solution. As this catalyst is highly stable, this TON
could even increase further by continuing the reaction cycles,
and we are currently working toward scaling up this reaction to
enable this improvement. Overall, we have developed one of

the most highly stable and highly efficient homogeneous
copper-based water oxidation electrocatalysts.
It was previously noted that in homogeneous water

oxidation, calculating the TON from the ratio of moles oxygen
per moles catalyst underestimates the real TON values because
only the catalyst near the electrode is involved in the reaction,
even though it is being refreshed by diffusion.8c A method-
ology that addresses these considerations in electrocatalytic
processes was recently developed for obtaining a more accurate
TON and was further adapted to the water oxidation
reaction.20 This TON calculation is based on the apparent
rate constant of the reaction, kobs, which could be obtained
from a foot-of-the-wave analysis (FOWA).21 If no side
electrochemical events perturbs the catalytic reaction, the
reaction is faster than Fυ/RT, in which υ is the scan rate; thus,
it is independent of scan rate and can be described by the
following equation:22

i
FS

C D kC

E E

2

1 exp ( )F
RT

p
0

p A
0

0
Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ

=
·

+ − (i)

The peak current of the catalyst in the absence of substrate,23

may serve to calibrate the catalytic response in terms of
electrode surface area, S, catalyst concentration, Cp

0, diffusion
coefficient, Dp, and scan rate, υ.

i

FS
C D

Fv
RT

0.446p
0

p
0

p= × ·
(ii)

It is thus convenient to observe the variation of

Figure 5. Evolved O2 (a) and accumulated charge (b) during each 40
min. CPE cycle. Experiments done at 1.35 V vs. NHE with 0.25 mM
[BPTCuII(OH)2] at pH = 11.5 in aqueous 0.1 M phosphate buffer
solution. Every 40 min the CPE was stopped, and the pH was
readjusted to 11.5.

Scheme 2. Proposed Mechanism for Water Oxidation by [BPTCuII(OH)2] Complex in 0.1M Phosphate Buffer Solution at pH
= 11.5
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i
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From plotting i/ip
0 versus 1/ {1 + exp [F/RT (E − E0)}], it is

possible to draw a straight line, which represents the very
beginning of the catalytic process, with a slope of 2.24{(RT/
Fυ)1/2}·(2kCA

0)1/2 that gives immediate access to 2k and
therefore to the TOF and TON. Applying these equations to
our catalytic system (see Figure S22) gives an average value of
kobs = 5.80 s−1, which is independent of the scan rate.
At this point, we wanted to understand the high stability and

activity of our catalyst and to suggest a reasonable explanation
for it. On the basis of the low potential required for the CuII/III

oxidation and the hydrogen bonding shown in the calculated
structure of [BPTCuII(OH)2], we assumed that the ethanolic−
OH group has a role in the catalytic mechanism and there
might be some cooperativity between the copper center and
the peptoid. Previous mechanistic studies on a Cu-based water
oxidation electrocatalyst, reported by Meyer et al., suggested
that water oxidation occurs via the formation of an O−O bond
and a key Cu-peroxo intermediate, which is formed due to an
oxygen atom transfer from a water molecule coupled with a
proton loss.8b Based on these studies, as well as on our
experimental data and theoretical calculations, we have
proposed a plausible mechanism, which is depicted in Scheme
2. We propose that in the first step, at potential 0.30 V, the
complex [BPTCuIII(OH)2]

+, which is stabilized by hydrogen
bonding, is formed. Thereafter, at a potential of 1.35 V vs.
NHE, further oxidation of [BPTCuIII(OH)2]

+ occurs, with an
additional proton and electron loss to form the highly unstable
transition state [BPTCuIII(Ȯ)(OH)]+. Once formed, this
undergoes rate-limiting O−O bond formation by reaction
with a water molecule to give a hydroperoxide
[BPTCuII(OOH)(OH)] as a key intermediate in the reaction.
This intermediate can be further stabilized by a bond
formation between the ethanolic −OH group and copper,
leading to a preferred penta-coordinated geometry about the
Cu center.24 The catalytic peak current at 1.35 V versus NHE
normalized by the inverse square root of the scan rate (ic/id vs
υ−1/2) in Figure S23, increases with a decrease in the scan rate,
consistent with a chemical step and rate limiting bond
formation.8b The irreversibility of the second oxidation results
from further oxidation of the intermediate peroxide,
[BPTCuIII(OO−)(OH)], assisted by another proton abstrac-
tion, resulting in the formation of [BPTCuIII(OȮ)(OH)],
which finally leads to the release of O2 and to the reentry of
[BPTCuII(OH)2] into the catalytic cycle.
In attempts to provide experimental evidence for the

proposed peroxide intermediate, we performed a CV experi-
ment in the presence of H2O2. Upon addition of hydrogen
peroxide solution to a buffer solution containing
[BPTCuII(OH)2] with scan reversal before the catalytic
water oxidation, a new wave appears at E = −0.40 V (Figure
S24, red and green lines). This is the same wave that appears
when scanning through the catalytic wave at 1.35 V vs. NHE at
the same pH and scan rate conditions (pH 11.5 and 100 mV/s
scan rate) in the presence of [BPTCuII(OH)2] but in the
absence of hydrogen peroxide (Figure S24, blue line). Thus,
this wave can be assigned to the reduction of a peroxo
intermediate. However, this wave can also be assigned to the
reduction of O2, which is formed in this reaction. Therefore,
this experiment did not provide an evidence for the formation

of a peroxo intermediate. Consequently, we have performed
additional UV−vis titration and spectroelectrochemistry
experiments under N2 atmosphere. First, we titrated the
catalyst with added aliquots of 6% H2O2 sequentially and
observed a significant decay of the band near 322 nm, together
with the appearance of a new band near 248 nm (Figure 6a).

To identify this new band, we have subjected this solution to
ESI-MS analysis and this showed mass at 634.65 and 636.17,
corresponding to the mass of the proposed penta-coordinated
peroxo species as the key intermediate (Figure S27).
Thereafter, we measured the spectroelectrchemistry of the

catalyst without added H2O2, by applying continues potential
at 1.35 V versus NHE. This experiment showed similar
changes in the UV−vis spectrum at 322 and 248 nm (Figure
6b), clearly indicating that the species generated during
electrolysis is the peroxo bound species.
EPR analysis of [BPTCuII(OH)2] during catalysis in basic

phosphate buffer solution (0.5 mM, frozen sample) resulted in
a spectrum that is characteristic of a Cu (II) system. The
simulated spectrum produced the parameters g|| = 2.231, g⊥ =
2.092 and A|| = 160 G (Figure S28), which suggest a penta-
coordinated Cu ion via 3O and 2N atoms.16 An EPR
measurement performed after addition of 20 μL of 6% H2O2
solution to the 0.5 mM [BPTCuII(OH)2] complex in
phosphate buffer solution (frozen sample) led to a similar
spectrum, which its simulation produced the parameters g|| =
2.214, g⊥ = 2.076 and A|| = 167 G (Figure S29). These results
are consistent with those obtained from the spectrum of the
sample taken from the catalytic experiment, suggesting a penta-
coordinated Cu ion via 3O and 2N atoms and providing
another support for the formation of the peroxo-complex
during catalysis. In addition, we have performed the
spectroelectrochemistry IR measurements of the 0.5 mM
[BPTCuII(OH)2] catalyst in 0.1 M phosphate buffer solution.
The IR spectrum showed the generation of a new band at 876
cm−1 during electrolysis (Figure 6d), which is the characteristic

Figure 6. (a) Titration of 60 μM [BPTCu(OH)2] with aliquots of 2
μL of 6% H2O2 followed by UV−vis spectroscopy. (b) UV−vis
spectroscopy of 80 μM [BPTCu(OH)2] during spectroelectrochem-
istry experiment done under N2 atmosphere at an applied potential of
1.35 V vs NHE. (c) IR spectra of [BPTCu(OH)2] (1 mM, 1 mL)
complex after addition of few drops of 2% H2O2. (d) IR spectra of
[BPTCu(OH)2] (1 mM, 5 mL complex during electrolysis at 1.35 V
vs NHE. All the experiments were done in 0.1 M phosphate buffer at
pH 11.5 and at room temperature.
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band of υ(O−O) stretch.25 These results were further
supported by a similar IR measurement performed after
H2O2 was directly added to the catalyst solution, which
showed the generation of a new band at 880 cm−1 (Figure 6c).
All the IR spectra were measured at room temperature. These
IR analyses provide another strong indication that the
electrochemically generated active species during catalysis is
the peroxo species.
The formation of the peroxo key intermediate was also

corroborated by computational calculations. Thus, the catalyst
[BPTCuI I (OH)2] , one cruc ia l t r ans i t ion s t a t e ,
[BPTCuIII(OH)2]

+, and the key intermediate state
[BPTCuII(OH)(OOH)] have been optimized by the theoreti-
cal DFT-D3 analysis using turbomole and ORCA (3.0.3)
software package (see Figure 7 and Table S3−S5 in SI file for

the coordinates). DFT-D3 (considering the dispersion
correction)18 has been utilized at the level of B3-LYP hybrid
functional. def2-SVP has been used as basis sets for carbon,
nitrogen, oxygen, and hydrogen atoms. In case of CuII center,
triple-ζ basis set (i.e., def2-TZVP) is used. The solvent model
COSMO for water is utilized to accurately mimic the reaction
vessel. In each case, the grid size during geometry optimization
has been chosen as m5, where the accuracy level would be high
with 10−9 au SCF convergence.26 Following the optimization
of [BPTCuII(OH)2], the transition state [BPTCuIII(OH)-
(OH)]+ has been optimized. The optimized geometry revealed
a tetra-coordinated CuIII complex. The energy of this complex
is only slightly higher than this of [BPTCuII(OH)2] (Figure 7
(2)). The distances between coordinated atoms and the Cu
center are as follows: Cu (1)-N(7): 2.04 Å, Cu(1)−N(8): 2.10
Å, Cu(1)−O(41): 1.91 Å, Cu(1)−O(40): 1.86 Å. The angles
are O(41)−Cu(1)−N(7): 92.90°, O(40)−Cu(1)−N(8):
99.54°, N(7)−Cu(1)−N(8): 79.07°, O(40)−Cu(1)−O(41):
96.31°. Furthermore, the key intermediate in the reaction
mechanism, [BPT CuII(OH)(OOH)], has been optimized at
the same level of DFT-D3. The optimized geometry implies
that the central metal is penta-coordinated24 (Figure 7 (3)),
and the bond distances of the ligated centers from the central
metal are as follows: Cu (1)-N(7): 2.08 Å, Cu(1)−N(8): 2.22
Å, Cu(1)−O(41): 1.96 Å, Cu(1)−O(40): 1.87 Å and Cu(1)−
O(4): 2.25 Å. The angles are O(41)−Cu(1)−N(7): 91.73°,
O(40)−Cu(1)−N(8): 100.77°, N(7)−Cu(1)−N(8): 76.60°,
O(40)−Cu(1)−O(41): 94.65°, O(4)−Cu(1)−O(41): 86.05°,
O(4)−Cu(1)−O(40): 118.2°, O(4)−Cu(1)−N(8): 84.43°,

O(4)−Cu(1)−N(7): 93.89°. The energy of the key
intermediate is lower than the original complex by ∼1.96 ×
105 kJ/mol, which suggests that the reaction could proceed
forward according to the proposed path depicted in Scheme 2.
For further insight, single point energy calculation of each
geometry value has been executed at higher level by def2-
TZVP basis set for all atoms. At this higher level of calculation,
we obtained a similar trend, i.e.; the transition state
[BPTCuI I I (OH)2]

+ i s energet ica l ly h igher than
[BPTCuII(OH)2]. On the other hand, the key intermediate
is energetically lower than [BPTCuII(OH)2] by ∼1.97 × 105

kJ/mol. The energy values are mentioned in the SI file. Also,
the Gibbs free energy for [BPTCuII(OH)2] and
[BPTCuII(OH)(OOH)] has been calculated at 298.15K and
found as −93.1 and −94.01 kJ/mol, respectively.
Therefore, the formation of the stable key peroxo

intermediate via the increase in the coordination number of
the Cu ion is supported by both experimental (see Figure 6)
and theoretical characterization.24 These results suggest that
the incorporation of an −CH2CH2OH group next to the bipy
group on the same peptoid scaffold has a significant role in the
high stability of the catalyst, which is also responsible for its
high activity. The presence of a flexible −OH group next to the
active metal center facilitates the oxidation process and
stabilizes both the transition state and the key intermediates
formed in the reaction. This indicates a cooperative
mechanism similar to enzymatic mode of action, in which
the copper center oxidizes the water, while the noncatalytic
side chain −OH group assists the oxidation and stabilizes the
active species. Overall, this cooperativity leads to a highly
stable water oxidation catalyst that can function continuously
(given the pH level is kept constant) without any loss of its
activity.

■ CONCLUSIONS

Disclosed here is the first example of a copper peptoid
complex, which successfully functions as a robust, homoge-
neous electrocatalyst for water oxidation with a key
intermediate characterized. Although water oxidation occurs
at a high overpotential of 800 mV at pH 11.5 in 0.1 M
phosphate buffer, the rate, turnover numbers, and the catalyst
stability are impressive. The stability of the catalyst, the key
intermediate, and the peptoid ligand in alkaline buffer solution
during water electrolysis are notable because this leads to a
highly efficient catalytic system, which can be reused over and
over again without loss of activity, thus enabling to significantly
increase the overall TON. We advocate that this high stability
is a consequence of an enzymatic-like intramolecular
cooperativity between the noncatalytic peptoid side-chain
−OH group and the nearby catalytic copper center, located on
the same scaffold. The demonstration of such cooperativity,
that is, facilitated within peptidomimetic scaffolds, in which the
type and the number of metal-binding ligands and proton
acceptors, as well as their position along the backbone can be
easily varied and tuned, enables the investigation of various
peptide mimics as water oxidation catalysts. We are currently
working toward improving the catalytic performance of this
system, aiming to reduce its overpotential and increase its rate,
by systematically modifying its sequence, along with the
development of new metallopeptoids as efficient catalysts for
water electrolysis and photolysis.

Figure 7. Geometry optimized structure of the (1) complex
[BPTCuII(OH)2], (2) transition state [BPTCuIII(OH)(OH)]+, and
(3) key intermediate [BPTCuII(OH)(OOH)] by DFT-D3 method.
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■ EXPERIMENTAL SECTION
Preparation and Characterization of BPT. Peptoid BPT

(Scheme 1) was synthesized manually on Rink amide resin
using the sub monomer approach at room temperature and
was characterized by analytical HPLC and ESI MS analysis, as
previously reported.15 The peptoid was further purified to
>95% by RP-HPLC and lyophilized overnight. HPLC trace
and MS spectrum of the pure peptoid are depicted in Figures
S1 and S2, respectively.
Synthesis and Characterization of the Complex

[BPTCuII(OH)2]. The peptoid BPT (0.1 mmol) was dissolved
in methanol (1 mL), and the mixture was stirred for 10 min.
This mixture was treated with copper perchlorate hexahydrate
(0.1 mmol as solid) and stirred for another 2 h. A blue-colored
solid precipitate was obtained and was isolated by
centrifugation, washed twice with methanol, and lyophilized
overnight. Then the solid compound was dissolved in water
and basic phosphate buffer solution and characterized by ESI-
MS (Figure S4), FT-IR (Figure S5), UV−vis (Figure S6), and
EPR spectroscopy (Figure S7).
Kinetic Analysis by Foot of the Wave (FOWA) and

TON Calculation. This methodology was implied assuming
that the rate-determining step (rds) is the O−O bond
formation by reaction with water molecule to give a
hydroperoxide intermediate [CuII(OOH)] directly. Under
catalytic conditions, the relevant equation is as follows:
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Ecat
0 is the standard potential for the catalysis-initiating redox

couple (1.35 V calculated from DPV, Figure S8), icat is the
current intensity in the presence of substrate, id is the current
intensity in the absence of substrate (here we approximate this
current to the current associated with the CuII /CuIII couple),
n is the number of electrons involved in the catalytic cycle (4
e− in water oxidation), F is the faraday constant, υ is the scan
rate, kobs is defined as “kcat·CA

0” where CA
0 is the concentration

of substrate (55.56 M for water), and R is 8.314 J·mol−1 K−1.
Background corrected CVs of catalyst at different scan rates
(2−100 mVs−1). Now, kobs can be extracted from the plot of
ic/id versus 1/(1 + exp[(F/RT)(Ecat

0 − E)]). So from the graph
the obtained kobs value for the catalysis is 5.80 s−1. According
to Saveant and co-workers, the TON for electrolytic water
oxidation can be obtained from the following equation:12
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The calculated TON considering the FOWA is 41 760 in 2 h.
Calculation of Faradaic Efficiency from Total Charge

Accumulated during Control Potential Electrolysis
(CPE). Faradaic efficiency FE (%) was calculated based on
following equation:

n
FE (%)

4 amount of O (moles) 100
(moles of electrons)

2=
× ×

where

n
Q

F
(columb)

(Faradayconst. )
=

Here, the amount of O2 produced in 2 h of electrolysis was
22.5 × 10−6 mol (total O2 produced in 2 h = 115 μM = 550
μL, obtained from calibration curve in Figure S31), and the
total accumulated charge during 2 h of electrolysis was 9.5C
(after blank subtraction), and as F = 96485.33C the Faradaic
Efficiency of the electro catalysis reaction in 2 h is 91%.
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