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Abstract: Water oxidation (WO) is the first step in the water-splitting process aiming at the production
of hydrogen as a green renewable fuel. To successfully perform WO, potent strategies for overcoming
the high energetic barrier and slow kinetics of this reaction are urgently required. One such strategy
is the use of molecular catalysis. Specifically, Cu-based catalysts have been highlighted over the
last decade due to their stability and fast kinetics. Among them, Cu-peptoids, where peptoids
are peptidomimetics akin to peptides and are N-substituted glycine oligomers, can act as stable
and active catalysts for oxidation transformations including electrocatalytic WO. Previously, we
suggested that a benzyl group incorporated as a side chain near the catalytic site within a Cu-peptoid
electrocatalyst for WO has a structural role in the activity of the electrocatalyst in phosphate buffer
(PBS). Herein, we aimed to test this hypothesis and understand how an incorporated structural
element side chain affects WO. To this aim, we prepared a set of peptoid trimers each with a different
structural element replacing the benzyl group by either naphthyl, cyclohexyl, benzyl, propyl chloride,
or propyl side chains as well as a peptoid lacking a structural element. We studied the structure
of their Cu complexes and tested these complexes as electrocatalysts for WO. We discovered that
while all the peptoids self-assemble to form dinuclear Cu-peptoid complexes, the duplex that has no
structural side chain, Cu2(BE)2, is structurally different from the others in the solid state. Moreover,
Cu2(BE)2 remains dinuclear in a PBS at pH 11, while all the other duplexes are mononuclear in
the PBS. Finally, though most of the complexes showed low electrocatalytic activity for WO, the
dinuclear complex Cu2(BE)2 performed with the highest turnover frequency of 484 s−1. Nevertheless,
this dinuclear complex slowly decomposes to the corresponding mononuclear complex as a more
stable species during WO, while the other mononuclear complexes retain their structure in solution
but display much slower kinetics (ca. 5 to 8 s−1) under the same conditions. Overall, our results
demonstrate that bulkier side chains hamper the stability of dinuclear Cu-peptoids in a PBS, and
hence, their efficiency as WO electrocatalysts is also hampered.

Keywords: copper; peptoid; mononuclear; dinuclear; self-assembly; water oxidation; electrocatalysis;
homogeneous

1. Introduction

Remarkable progress in the development of earth-abundant-metal-based water oxi-
dation catalysts has been made over the last two decades [1–4], and electrocatalytic water
oxidation (WO) has become a potent strategy for producing hydrogen gas as a renew-
able energy source and green fuel [5–10]. Yet, the poor thermodynamic driving force,
i.e., overpotential, of WO requires a profound understanding of the molecular scale in
order to overcome it [11–13]. Studies of molecular catalysts and homogeneous catalytic
reactions are used to reveal insights for improving reaction efficiency [14–16]. In particular,
their well-defined structures can be precisely tailored to gain more knowledge of how to
develop efficient electrocatalysts for WO [17–20]. This includes the study of weak-bonding
interactions, electronic inductive and conjugative effects, steric hindrance, self-assembly,
and more [21–29].
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Pioneering research from 2012 shed light on the high-rate kinetics of Cu(BPy)(OH)2
(BPy = 2,2′-bipyridine) as the first Cu-based homogeneous WO catalyst. Since then,
numerous small-molecule-based Cu-BPy or Cu-polypyridyl WO catalysts have been
reported [30–48]. Apart from them, Cu-peptide-based WO electrocatalysts, which are
inspired by the natural Cu-oxygen active species in enzyme environments, have also been
developed, and they exhibit relatively low overpotentials [49–55]. However, a drawback of
using peptides as ligands is that the metal binding is pH-dependent due to the pKa value of
the N-H in amide bonds, which is also susceptible to oxidation, and therefore they have low
stability [56–58]. To address this issue, peptoids, N-substituted glycine oligomers [59,60],
were developed as metal chelators [61–71] and biomimetic catalysts [72–77]. In addition to
their stability toward various pH and oxidation conditions, peptoids are highly versatile as
innumerable primary amines can be incorporated as functional side chains or structural ele-
ments, making the peptoid sequence and structure also tunable [78–80]. Recent work from
our laboratory introduced BEBenzyl, a peptoid trimer having the side chains BPy (B) and
hydroxyl (E) and a benzyl group as a structural element, which forms a Cu-peptoid complex
as an efficient homogeneous WO electrocatalyst [74]. After complexation with a Cu salt, a
self-assembled dinuclear Cu architecture (Cu:peptoid = 2:2, mode I in Scheme 1) is gener-
ated [81]. Interestingly, it decomposes into mononuclear (Cu:peptoid = 1:1, CuBEBenzyl)
once the solution environment is changed from pure water to 0.1 M phosphate buffer at pH
11~11.5, in which it can be used for electrocatalytic WO [74]. DFT calculations suggested
that the benzyl side chain structurally directs the hydroxyl side chain to bind the Cu center,
assisting in stabilizing the high-oxidation state intermediates during WO. However, this
hypothesis was not examined experimentally.
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To test this hypothesis and understand how a structural element affects WO, we
replaced the benzyl group with either naphthyl, cyclohexyl, benzyl, propyl chloride, or
propyl side chains forming a set of peptoid trimers, each with a different structural element,
namely BENapthyl, BECyclohexyl, BEBenzyl, BEPropylCl, or BEPropyl, or eliminated
the benzyl group side chain to form the peptoid BE, which lacks a structural element.
This set of peptoids underwent complexation with Cu(ClO4)2·6H2O, the newly formed
complexes were recrystallized, their structures were characterized both in the solid state
and in a phosphate buffer solution (PBS) at pH 11, the media in which electrocatalytic
WO was studied, and their ability to perform as WO electrocatalysts in these conditions
was examined. We discovered that upon Cu binding, all the trimers self-assembled into
di-Cu-peptoid complexes having one type of architecture, “mode I”, which dissociated in
the PBS at pH 11 to the mononuclear complexes, which show poor WO electrocatalytic
activity (Figure 1). In contrast, the dimer BE formed the complex Cu2(BE)2 in a different
type of architecture, “mode I”, which is stable in a PBS at pH 11. In these conditions, it
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is an efficient electrocatalyst for WO, performing with the lowest overpotential and with
a 100-fold higher turnover frequency (TOF) compared with the mononuclear complexes
tested in this study. These results suggest that the structural element side chain does affect
the electrocatalytic performance in WO but hampers it rather than facilitating it.
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Figure 1. Molecular structures and ORTEP views (thermal ellipsoids set at 50% probability) of
peptoids, corresponding self-assembled dinuclear architectures, and the complexes in 0.1 M PBS at
pH 11. For crystal structures, the counter anions and hydrogen atoms are omitted for clarity. Gray: C;
blue: N; red: O; green: Cl; cyan: Cu. Bond lengths and angles are listed in supporting information.
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2. Results and Discussion
2.1. Structural Characterization of Cu-peptoid Complexes in 0.1 M PBS pH 11

All the peptoids described in this study were synthesized using the submonomer
solid-phase method [60], cleaved from the solid support, and purified by high-performance
liquid chromatography (HPLC, >95% purity) (Figures S1–S3). The molecular weights mea-
sured by electrospray mass spectrometry (ESI–MS) were consistent with the calculated mass
for the corresponding sequences (Figures S4–S6). The corresponding data of BENapthyl,
BEBenzyl, and BE have been reported [77,81,82]. The purified peptoids were treated with
1 equiv. of Cu(ClO4)2·6H2O in methanol or n-propanol, and after 4 h of stirring, greenish-
blue or blue precipitates were expected to be obtained. The precipitated solids were isolated
and washed three times. The remaining solids were further dried and recrystallized in
specific solvent environments (details in Section 3.3). Among them, the characteriza-
tions and crystal structural details of Cu2(BE)2, Cu2(BEBenzyl)2, and Cu2(BENapthyl)2
have been reported recently from our laboratory [77,81,82]. The new solid structures of
Cu2(BECyclohexyl)2, Cu2(BEPropylCl)2, and Cu2(BEPropyl)2 were characterized by X-ray
crystallography (CCDC number: 2253528, 2253526, and 2253527, respectively). The struc-
ture of these complexes resembles the structures of Cu2(BEBenzyl)2 and Cu2(BENapthyl)2,
which showed centrosymmetric self-assembled architectures (Figures S7–S9): each CuII

is penta-coordinated and adopts a distorted square-pyramidal geometry [81]. The two
BPy N atoms from one peptoid ligand and the carbonyl O atom (C=O) and terminal N
atom (NH) from the other peptoid ligand construct the equatorial square base of each
Cu2+ center, while the O atom (OH) of the ethanolic side chain occupies the apical position
of the pyramid. We defined these structures as “mode I” self-assemblies. In mode I, the
intramolecular cooperative interaction between the two CuII centers seems impossible
because both pyramid-like coordination geometries are separated from each other, and the
distance Cu···Cu is 6.757~6.921 Å. On the contrary, the structure of Cu2(BE)2, defined here
as “mode II” self-assembly, is different; the two bipyridine groups are on the same side of
the assembly, and the distance between the two Cu ions is much shorter—only 4.270 Å.
Therefore, Cu2(BE)2 is likely to bridge a H2O (or OH− in basic conditions) molecule to
perform cooperative interaction between two CuII centers [77]. Although each CuII is
penta-coordinated with the same atoms from the peptoid ligand and adopts a distorted
square-pyramidal geometry, in mode I, the equatorial planes of CuII centers face each other
with an offset π-π interaction between two BPy groups (3.246~3.396 Å) (Table 1) [83–86].
Apart from the solid state, all the prepared Cu-peptoids were also characterized as dinuclear
complexes in a pure water solvent by ESI-MS and UV-Vis (Figures S10–S21).

Table 1. Summary of structure–function relationships of a series of designed Cu-peptoid complexes
toward electrocatalytic water oxidation.

Complex a Solid State or in
Pure Water

Cu···Cu
Distance in

Dinuclear Form
In 0.1 M PBS (pH 11) TOF (s−1) Onset Potential

(V vs. NHE)

CuBENapthyl Dinuclear (mode I) 6.787 Å Mononuclear 5.2 +1.26
CuBECyclohexyl Dinuclear (mode I) 6.757 Å Mononuclear 5.3 +1.26
CuBEBenzyl Dinuclear (mode I) 6.805 Å Mononuclear 5.8 +1.24
CuBEPropylCl Dinuclear (mode I) 6.912 Å Mononuclear 6.1 +1.20
CuBEPropyl Dinuclear (mode I) 6.921 Å Mononuclear 7.7 +1.18

Cu2(BE)2 Dinuclear (mode II) 4.270 Å
Dinuclear
(mode II) 484 (43) b +1.08

a: the order of the entry is following the bulkiness of the structural elements, from napthyl to none (-H); b: this
value is calculated after pH adjustment following 2 h CPE.

All Cu-peptoid complexes were further characterized in a PBS at pH 11. ESI-MS showed
the mass signals representing the corresponding mononuclear complexes (Cu:peptoid = 1:1)
CuBENapthyl, CuBECyclohexyl, CuBEBenzyl, CuBEPropylCl, and CuBEPropyl at 667.7 m/z,
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623.7 m/z, 617.6 m/z, 603.7 m/z, and 569.8 m/z in a 0.1 M PBS at pH 11 (Figures S22–S26).
The mass signals for the self-assembled complexes (Cu:peptoid = 2:2) were not observed ex-
cept for Cu2(BE)2 (Figure S27). The instability of the dinuclear self-assembled Cu-peptoids
in a PBS at pH 11 compared to their stability in pure water was also observed in the
comparison of UV-Vis absorbance bands of the complexes in each solvent. While in pure
water, the spectrum showed absorbance bands near 320 nm and 248 nm, indicating the
presence of the intact self-assembled dinuclear Cu-peptoid complexes, in a PBS at pH 11,
these two bands are not present, and instead, two new absorbance bands near 300 nm
and 236 nm appear, indicating a significant structural change (Figures S28–S32). These
results support the results from the MS, suggesting that the self-assembled complexes are
not stable in a PBS at pH 11. Interestingly, only the UV-Vis spectrum of Cu2(BE)2 showed
absorbance bands near 320 nm and 248 nm, and no other bands were observed, suggesting
that this dinuclear Cu-peptoid complex is stable in a PBS at pH 11 (Figure S33). These
results suggest that the structural element has a key role not only in the self-assembly of the
peptoids upon Cu binding and in the final structure of the dinuclear Cu-peptoid complexes
but also in the stability of these complexes in a PBS at pH 11. Thus, when the peptoid
sequence includes a structural element as a side chain, the peptoids are self-assembled
upon Cu binding to one type of structure (mode I, Figure 1), which is instable in a PBS at
pH 11, where it dissociates to the monomeric Cu-peptoid complex, while the peptoid dimer
that does not include a structural element side chain self-assembles upon Cu binding to a
second type of structure (mode II, Figure 1), which is maintained in a PBS pH 11.

2.2. Electrocatalytic Activities of the Cu-Peptoid Complexes in PBS toward Water Oxidation
2.2.1. Electrochemical Properties

The electrochemical properties of the complexes in a 0.1 M PBS at pH 11 were examined
for WO. The cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were
probed under air using a glassy carbon (GC) working electrode and a Ag/AgCl reference
electrode. All the potential values are transferred and reported versus the normal hydrogen
electrode (vs. NHE). Each complex (0.5 mM based on the molecular weight of mononuclear
Cu-peptoids, unless noted differently) was dissolved in a 0.1 M PBS at pH 11, and its CV
was measured. In the scanning window between 0 and +0.4 V (Figure S34), an oxidation
wave was observed consistent with CuI to CuII [87–89]. However, the CV scan of Cu2(BE)2
in the same oxidation window showed an oxidation potential of Ep = +0.15 V, which is
broader, suggesting that more than one electron transfer is taking place at this potential
(consistent with the existence of two Cu centers in this complex) [31,32,77] and about 120 mV
lower than those of the mononuclear complexes (for CuBECyclohexyl, CuBEPropylCl,
and CuBEPropyl, Ep = +0.27 V, and for CuBENapthyl, Ep = +0.29 V). These differences
are rationally relevant to their structural divergence (di- vs. mononuclear). Extending the
scanning window up to +1.5 V, the CV scans of all the mononuclear complexes showed
a broad irreversible oxidation wave Ep from +1.40 V to +1.30 V, with the CuBENapthyl
showing the highest potential, thereafter CuBECyclohexyl, CuBEBenzyl, CuBEPropylCl,
and finally CuBEPropyl showing the lowest oxidation potential (Figure 2a). This cathodic
shift in both CVs and DPVs (Figure S35) matches the order of the bulkiness of the structural
element side chains, which are from the bulkiest to the least bulky. Notwithstanding this,
these oxidation currents of the mononuclear complexes remain similar (ip = ca. 18 µA). In
the same potential window, at Ep = +1.36 V, the irreversible oxidation of Cu2(BE)2 reveals
that the corresponding current intensity increases up to 155 µA, which is nearly 9-fold
higher than that of the mononuclear complexes (Figure 2b). This irreversible oxidation is
recognized as a catalytic event and a typical curve representing the EC mechanism observed
in the plots of normalized current vs. scan rates (Figure S36) [90].
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rate = 100 mV/s, glassy carbon electrode as the working electrode.

2.2.2. Kinetics Studies

The CV results suggest that Cu2(BE)2 is a much more efficient electrocatalyst for WO
than the mononuclear complexes. The rate constant (kobs), known as TOF, is a significant
parameter for quantifying the efficiency of WO electrocatalysts [91,92]. To calculate the
kobs, of all the Cu-peptoid complexes, a series of CVs at different scan rates (Figure S37)
using Cu2(BE)2 or CuBENapthyl were examined and applied to foot-of-the-wave analysis
(FOWA), which represents the intrinsic TOF at zero overpotential [93]. This method was
selected also to be consistent with our previous studies [74] in order to enable comparison
of the obtained values. To calculate the TOF, we followed the equation shown as follows in
Equation (1), where icat is the catalytic current of the catalyst, ip is the oxidative wave of
CuII/CuI (Figure S37) as the approximated diffusion current, R is the universal gas constant,
T is the absolute temperature, F is the Faraday constant, ν is the scan rate, Ecat is the
catalytic potential, and E is the applied potential. icat/ip vs. 1/(1 + exp[(F/RT)(Ecat − E)])
was plotted, and a straight line could be obtained, where the kobs could be calculated
according to the linear slope (Figures 3a and S38) [94–96].

icat

ip
=

2.24n
√

RTkobs
Fv

1 + exp
[

F
RT (Ecat − E)

] (1)

Subsequently, the kobs (TOF) values of Cu2(BE)2 and CuBENapthyl were calculated
to be 484 s−1 and 5.2 s−1, respectively (Figure 3b). Notably, the TOF of CuBENapthyl is
consistent with that of CuBEBenzyl, previously calculated at pH 11.5 which is 5.8 s−1 [74],
while the TOF of Cu2(BE)2 is almost 100-fold higher than that of CuBENapthyl, as well as
CuBEBenzyl. As the concentration of Cu centers in Cu2(BE)2 is double the concentration
of Cu centers in CuBENapthyl, but the TOF is 100-fold higher rather than 2-fold higher,
we suggest that there might be some cooperativity between the two Cu centers in Cu2(BE)2
that is playing a key role in enhancing the kinetic rate of WO [34,77,97–99].
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2.2.3. Electrocatalytic Water Oxidation and Homogeneity Studies

As Cu2(BE)2 had a high TOF toward WO, it was subjected to a controlled potential
electrolysis (CPE) experiment applying a constant potential of E = +1.25 V using 0.5 mM
Cu2(BE)2 in a 0.1 M PBS at pH 11 using ITO as working electrode (Figures 4 and S39). After
2 h of the CPE experiment, 7.32 C of charge was accumulated, and 19 µmol of O2 was
probed with an oxygen sensor. Subtracted by the amount of oxygen (1 µmol) and charge
(0.26 C) accumulated within 2 h of CPE in the absence of a catalyst, a Faradaic efficiency
(FE%) of 98% was calculated. Despite this high FE%, the current density dropped slowly
from about 2.2 mA/cm2 to 0.22 mA/cm2 within 2 h, which indicates either the instability
of the catalyst or the influence of the pH change (from 11.0 to 9.5) during the reaction.
UV-Vis analysis of the catalyst before and after CPE showed that the absorbance bands
near 320 nm and 248 nm shifted to 305 nm and 239 nm in UV-Vis spectroscopy, respectively
(Figure S40). More importantly, the catalytic wave at Ep = +1.36 V disappeared, and only
the peak at Ep = +1.43 V was obtained (Figure S41). Re-adjusting the pH back to 11 did not
lead to the recovery of the catalytic oxidative wave at Ep = +1.36 V (Figure S41). Moreover,
the current density was 0.30 mA/cm2 during the entire CPE experiment, which is similar
to the current density obtained after the 2 h CPE experiment using Cu2(BE)2 before pH
adjustment (0.22 mA/cm2), excluding the possibility that the decay of the current density
was attributed to pH change (Figure 4). These results indicate that Cu2(BE)2 is capable of
catalyzing WO at a high current density, consistent with the calculated TOF, and indicating
a fast kinetic rate in these conditions (Figure 3). However, slow decay of the kinetic rate
occurred during electrolysis leading to a sharp decrease in the TOF from 484 s−1 to 43 s−1

(after adjusting pH), implying that Cu2(BE)2 decomposes during the WO reaction.
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Figure 4. (a) Current density j, and (b) oxygen evolution of the CPE experiments using 0.5 mM
Cu2(BE)2 or without any catalyst as blank in 0.1 M PBS at pH 11 using ITO as working electrode at
applied potential +1.25 V vs. NHE. The orange curve represents another CPE of the same solution
responsive to the red curve but with re-adjusted pH from 9.5 to 11.

The instability of Cu2(BE)2 can be attributed to the following: (1) its decomposition
on the working electrode surface, forming less active or inactive heterogeneous species,
or (2) its decomposition to a different, less active (or inactive) homogeneous species in the
solution during electrocatalysis. To probe the homogeneity of Cu2(BE)2 in the reaction, we
carried out 10 continuous CV scans from +0.4 to +1.5 V in a solution [100]. Interestingly, the
catalytic peak significantly decreased during these scans, and the intensity of the last scan
was similar to that obtained in the CV scans performed after CPE (Figure S42). The glassy
carbon working electrode was then removed from the solution and rinsed with deionized
water (the electrode was not polished), then placed in a fresh 0.1 M PBS without Cu2(BE)2.
The CV scan of this solution showed only the buffer response (Figure S43). In other words,
no active species was formed on the surface of the working electrode. To clearly observe the
electrode surface, both the ITO working electrode after CPE for 2 h and a clean ITO electrode
as control were analyzed by high-resolution scanning electron microscopy (HR-SEM) and
energy-dispersive X-ray spectroscopy (EDX). No particles on the electrode’s surface were
found in HR-SEM (Figure S44), and no Cu element was found attached during EDS after
electrolysis (Figure S45). Therefore, we can exclude assumption (1) and conclude that no
heterogeneous process took place during electrocatalysis. Considering that the CV and UV-
Vis analysis of Cu2(BE)2 after 2 h CPE was strikingly different from those performed before
CPE, but akin to those of the fresh mononuclear complexes, assumption (2) is probable. To
probe whether Cu2(BE)2 decomposes to its corresponding mononuclear complex during
electrolysis, we tested the behavior of 1.0 mM CuBENapthyl under CPE conditions, as well
as the solution of 0.5 mM Cu2(BE)2 after 2 h CPE with re-adjusted pH. Both reactions were
conducted at an applied potential of +1.4 V, which is near their catalytic oxidation peaks
(Figure 5). The obtained current densities in both cases were below 0.5 mA/cm2—strikingly
lower than the current density obtained from the CPE catalyzed by fresh Cu2(BE)2, in
which a 150 mV lower overpotential was applied (Figure 4). Collectively, the similarities in
the analysis and catalytic properties between CuBENapthyl and re-used Cu2(BE)2 strongly
suggest that the self-assembled dinuclear Cu2(BE)2 complex, although stable in a PBS
at pH 11, decomposes to the more stable corresponding mononuclear complex during
electrocatalytic WO.
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Figure 5. (a) Current density, j, and (b) oxygen evolution of the CPE experiments of 1.0 mM
CuBENapthyl or solution containing Cu2(BE)2 in which the pH was re-adjusted after previous
CPE at +1.25 V, in 0.1 M PBS at pH 11 using ITO as working electrode at applied potential +1.4 V
vs. NHE.

2.3. Structure–Function Relationship

The structural and electrocatalytic performances toward the WO of all six complexes
involved in this study are summarized in Table 1. From this table, it is clear that (1) all
the Cu-peptoid complexes, self-assembled in both mode I and mode II to dinuclear struc-
tures, are stable both in the solid state and in pure water; (2) all the dinuclear complexes
self-assembled in mode I decompose to a mononuclear complex in a 0.1 M PBS at pH 11,
while Cu2(BE)2, self-assembled in mode II, is also stable in these conditions; (3) the kinetics
(TOF) of Cu2(BE)2 are much faster than those of the mononuclear complexes, and among
the mononuclear ones, the TOF value gets higher when the incorporated structural element
is less bulky; and (4) the thermodynamic requirement (onset potential) for Cu2(BE)2 to
catalyze WO is lower than that required for the mononuclear complexes—among them,
this value becomes lower when the incorporated structural element is less bulky. Therefore,
we can conclude that the dinuclear complex Cu2(BE)2 is a much more efficient WO elec-
trocatalyst than the mononuclear complexes in the same conditions. Similar observations
and conclusions are also supported in other catalyst studies and are detailed in Table 2.
However, it is unstable and loses its activity in 2 h of CPE because it decomposes to the
mononuclear complex during water oxidation in a 0.1 M PBS at pH 11.

Table 2. Summary and comparison of WO performance with reported dinuclear vs. mononuclear
catalysts.

Complex a Nuclearity Onset Potential
(V vs. NHE) a TOF (s−1) Reference

Cu2(BE)2 Dinuclear +1.08 484 (43) b
This workCuBENapthyl Mononuclear +1.26 5.2

TNC-Cu Trinuclear ~+1.6 * 20,000
[34] bHappCu2 Dinuclear ~+1.65 * 1375

F-N2O2Cu Mononuclear ~+1.85 * 131.6

cat 1 Dinuclear ~+1.25 * 144 [97] c
cat 2 Mononuclear ~+1.35 * 4.86

Fe(dpa) Dinuclear ~+1.2 * 2.2
[101] d

Fe(ppq) Mononuclear ~+1.4 * 0.23

TNC-Ni3 Trinuclear +1.24 0.54 [102] e
TNC-Ni2 Dinuclear ~+1.44 * 0.02

(a): the onset potential values with symbol “*” are measured roughly; the electrochemical studies are performed
in (b) 1.0 M NaHCO3 at pH 8.4, (c) 0.1 M PBS at pH 12, (d) 0.1 M nitric acid buffer at pH 1, (e) 0.1 M PBS at pH 7.
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The efficiency of the Cu-peptoid catalysts highly depends on their structures in the WO
condition. We suggest that the ability of Cu2(BE)2 to maintain the self-assembled dinuclear
complex in a 0.1 PBS at pH 11 is attributed to the offset π-π interaction of two Bipy ligands
from the two peptoid ligands in mode II [83–86] and to the short Cu···Cu distance (4.270 Å)
that allows the two penta-coordinated CuII to coordinate to the µ-OH anion bridge from
the basic solution [31,77,96,103]. Having a structural element within their sequences, the
self-assembled duplexes in mode I lack this π-π stacking between the two BPy ligands
located opposite to each other. Instead, they might prefer to coordinate OH− individually,
leading to the formation of mononuclear complexes with two coordinated OH−.

3. Materials and Methods
3.1. Materials

Rink Amide resin was purchased from Novabiochem; ethanolamine and 6-bromo-
2,2′-bipyridine were purchased from Acros organics, Israel; N,N’-diisopropylcarbodiimide
(DIC) and bromoacetic acid were purchased from Sigma Aldrich. The other chemicals
used in this work were purchased from commercial sources and used without additional
purification. 2-(2,2′-bipyridine-6-yloxy) ethylamine (B) was prepared according to a liter-
ature method [62], and –OH (E) group of ethanolamine was protected using a reported
procedure [77]. The used solvents were of HPLC grade. High-purity deionized water was
obtained by passing distilled water through a nanopore Milli-Q water purification system.
Aqueous basic buffer solutions at pH 11 were prepared using specific concentrations of
sodium dihydrogen phosphate and disodium hydrogen phosphate with added 0.1 M
NaOH or HCl solution such that the final ionic strength equaled 0.1 M.

3.2. Instrumentation

Peptoid oligomers were analyzed by reversed-phase HPLC (analytical C18 column,
5 µm, 100 Å, 2.0 × 50 mm) on a Jasco UV-2075 instrument. A linear gradient of 5–95%
ACN in water (0.1% TFA) over 10 min was used at a flow rate of 0.7 mL/min. Preparative
HPLC was performed using a Phenomenex C18 column (15 µm, 100 Å 21.20 × 100 mm)
on a Jasco UV-2075 instrument. Peaks were eluted with a linear gradient of 5–95% ACN
in water (0.1% TFA) over 60 min at a flow rate of 5 mL/min. Mass spectrometry for
peptoids and Cu-peptoid complexes was performed on a Waters LCT Premier mass and
Advion expression mass under electrospray ionization (ESI), direct probe ACN:H2O (70:30),
flow rate 0.2 mL/min. UV-Vis measurements were recorded on an Agilent Technologies
Cary 60 UV-Vis spectrophotometer using a 1 cm path-length quartz cuvette. For high-
resolution scanning electron microscopy (HR-SEM) imaging we used a Zeiss Ultra Plus
high-resolution SEM, equipped with a Schottky field-emission gun. Specimens were
imaged at low acceleration voltages of 1 kV and working distances of approx. 4 mm. We
used the Everhart Thornley (“SE2”) secondary electron imaging detector. For confirmation
of sample composition, we used a Quantax energy-dispersive X-ray spectrometer (EDS,
Bruker) at an acceleration voltage of 10 kV.

3.3. Synthesis of Cu-peptoids

The peptoid (0.1 mmol) was dissolved in 1 mL methanol (BEBenzyl, BENapthyl,
or BE) or 1 mL 1-propanol (BECyclohexyl, BEPropylCl, or BEPropyl), and the mixture
was stirred for 10 min. This mixture was treated with copper perchlorate hexahydrate
(0.1 mmol as solid) and stirred for 4 h. A greenish-blue solid precipitate was obtained
and was isolated by centrifugation, washed three times with corresponding methanol or
1-propanol, and dried in vacuum overnight. Then, the solid compounds were dissolved
in specific mixed salts and solvents for crystallization at room temperature: blue crystal
Cu2(BECyclohexyl)2 was obtained from slow evaporation of ACN/1-propanol with adding
2 equiv. ammonium hexafluorophosphate; blue crystal Cu2(BEPropylCl)2 was obtained
from slow evaporation of ACN/1-propanol; blue crystal Cu2(Propyl)2 was obtained from
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slow evaporation of ACN/1-propanol; Cu2(BEBenzyl)2, Cu2(BENapthyl)2, and Cu2(BE)2
were reported previously from our laboratory.

3.4. Electrochemical Methods

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) experiments were
carried out on an EmStat3 potentiostat. Solutions of the complexes were placed in one-
compartment three-electrode cells. Glassy carbon (GC) was used as a working electrode,
Ag/AgCl as a reference electrode, and Pt wire as a counter electrode. Working electrode
pretreatment before each measurement included polishing with 0.05 µm alumina paste,
followed by rinsing with water, and finally drying in air. All potentials in the present work
are reported versus NHE by adding 0.20 V to the measured potential (Ag/AgCl vs. NHE).
CVs were collected at 100 mV/s, except for other specifications. DPV was obtained with
following parameters: amplitude = 200 mV, E-step = 10 mV, pulse width = 0.02 s.

3.5. Oxygen Evolution Experiments

Controlled potential experiments (CPEs) were performed using a two-compartment
cell closed with septum. Large-surface porous carbon (spongy shape) as working electrode
together with an Ag/AgCl (NaCl sat.) as reference electrode were placed in one of the
compartments that was filled with buffer solution containing certain concentration of
catalyst (0.1 M PBS at pH 11). In the other compartment, containing only the fresh buffer
solution, a mesh platinum counter electrode was used. Before starting the experiment,
nitrogen gas was purged for 10 min to remove the oxygen from the system. Oxygen
evolution was monitored in the gas phase with a Fixed Needle-Type Oxygen Minisensor
(from PyroScience) placed in the headspace of the reaction vassal (working electrode side).
The CPE started as soon as the oxygen sensor signal was stable. During the experiment,
solutions of both compartments were vigorously stirred. The results of the water oxidation
catalysis with copper complex were compared with the blank experiment in the same
conditions but in the absence of the catalyst. The Faraday efficiency was determined
according to the total charge passed during the CPE and the total amount of generated
oxygen as a four-electron oxidation process. The oxygen was measured with the oxygen
sensor in % and converted to µmol using a calibration curve. This was constructed by
the gradual addition of the known amount of pure oxygen (µL) into the cell containing
buffer solution using a Hamilton syringe while measuring the oxygen in % by the oxygen
sensor and then by plotting the amount of pure oxygen added (µL) vs. the amount of
oxygen (%) shown by oxygen sensor to get the total amount of oxygen evolved in µL during
electrolysis (Figure S46). This was further converted to µmol via the following equation:
y µmol = x µL/(24.5 L/mol), T = 298 K. Faradaic efficiency (FE%) was calculated using
following equation: FE% = nO2 /(Q/nF) * 100%, where nO2 is the mole of oxygen from CPE
experiment, mol; Q is accumulated charge from CPE experiment, C; n is the number of
electrons transferred, 4; and F is Faraday constant, 96,485 C/mol.

4. Conclusions

In conclusion, we designed and characterized six Cu-peptoid complexes: five with struc-
tural elements, Cu2(BENapthyl)2, Cu2(BECyclohexyl)2, Cu2(BEBenzyl)2, Cu2(BEPropylCl)2,
and Cu2(BEPropyl)2, which self-assemble in mode I, and one without introducing a struc-
tural element, Cu2(BE)2, which self-assembles in mode II. They are all stable as duplexes in
the solid state and in pure water. However, the dinuclear structure Cu2(BE)2 is also stable
in a 0.1 M PBS at pH 11, which are suitable conditions for WO, where the other dinuclear
complexes decompose to their corresponding mononuclear complexes, CuBENapthyl,
CuBECyclohexyl, CuBEBenzyl, CuBEPropylCl, and CuBEPropyl, respectively, in these
conditions. We suggest that a π-π stacking interaction and a short Cu···Cu distance enhance
the stability of the dinuclear complex Cu2(BE)2 in basic conditions. Thus, in comparison to
the mononuclear Cu-peptoids, Cu2(BE)2 is a much better electrocatalyst for WO, exhibiting
a lower onset potential and a 100-fold faster TOF. Nevertheless, Cu2(BE)2 was shown to
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slowly decompose to the mononuclear species during homogeneous WO, leading to a sharp
decrease in its TOF. These results shed light on the benefits of using dinuclear catalysts
with intrinsic cooperativity between the metal centers. Our results also demonstrate that an
incorporated structural element has a key role in controlling the self-assembly mode (I or
II) of the peptoid upon Cu binding, and the stability of the self-assembled complexes in a
PBS at a basic pH. These sequence–structure–function relationships within Cu-peptoid elec-
trocatalysts for WO should expand the molecular design of metallo-biomimetic oligomers
as electrocatalysts for WO.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/inorganics11070312/s1, Figures S1–S3: Analytical HPLC data of
peptoid ligands, Figures S4–S6: ESI-MS data of peptoid ligands, Figures S7–S9: Crystal structures
of Cu-peptoids, Figures S10–S15: ESI-MS data of Cu-peptoids in water, Figures S16–S21: UV-Vis
data of Cu-peptoids in water, Figures S22–S27: ESI-MS data of Cu-peptoids in 0.1 M PBS at pH 11,
Figures S28–S33: UV-Vis data of peptoids and corresponding Cu-peptoids in 0.1 M PBS at pH 11,
Figure S34: CV data of Cu-peptoids with a scanning window from −0.4 to 0.6 V in 0.1 M PBS
at pH 11, Figure S35: DPV data of Cu-peptoids in 0.1 M PBS at pH 11, Figure S36: Normalized
CV data of Cu-peptoid, Figure S37: CVs with various scan rates of Cu-peptoids in 0.1 M PBS at
pH 11, Figure S38: FOWA data of Cu-peptoid in 0.1 M PBS at pH 11, Figure S39: CPE data of
Cu-peptoid in 0.1 M PBS at pH 11, Figures S40–S41: Characterization of the solution before and after
CPE experiment, Figures S42–45: Homogeneity test data including CV, SEM, and EDX, Figure S46:
Calibration curve for the measure of oxygen, Tables S1–S7: Structural information of Cu-peptoids
including crystallography data, bond length, and angles.
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