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In this work, the penta-coordinated mononuclear Cu(i) complexes [Cu(QCLl-Tpy)Cll, [Cull (where QCI-
Tpy = 3-([2,2":6',2"-terpyridin]-4'-yl)-2-chloroquinoline) and [Cu(8HQ-Tpy)Clyl, [Cu2] (where 8HQ-Tpy =
2-([2,2:6',2"-terpyridin]-4'-yl)quinolin-8-ol) were utilized as electrocatalysts for water oxidation in 0.1 M
H,PO,~/HPO4%~ buffered solution at pH = 12.0. Detailed electrochemical measurements suggest that
both complexes follow first-order kinetics and liberate oxygen via the water nucleophilic attack (WNA)
pathway. The active participation of the buffer under electrochemical conditions indicates its strong atom
proton transfer (APT) ability, thereby facilitating the O-O bond formation. The TOF and TOF,,.« of the cat-
alysts were elucidated using foot-of-the-wave analysis (FOWA) and catalytic Tafel plot. The complexes
[Cul] and [Cu2] exhibit TOFmay values of 10 x 10% s~ and 15 x 10% s7%, respectively, as elucidated by
FOWA, assuming a first-order rate constant. The catalytic Tafel plot supports the superior electrocatalytic
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activity of the catalyst [Cu2] in contrast to catalyst [Cul]. Theoretical studies also affirm that both catalysts
undergo WNA and thereby follow first-order kinetics. Moreover, theoretical studies demonstrate that the
oxygen evolution reaction (OER) is thermodynamically more favourable at higher alkaline pH owing to the

rsc.li/dalton better nucleophilicity of the hydroxide ions.

in alkaline pH (pH = 14.0), the hydroxyl ions formed at the
cathode due to water reduction act as an electrochemical

Introduction

A new research domain where solar energy is captured and stored
in chemical bonds through artificial photosynthesis has intrigued
researchers’ as it provides an accessible pathway for the gene-
ration of fuels such as hydrogen and hydrocarbons.> In the
context of artificial photosynthesis, water oxidation is an instru-
mental reaction as four protons and four electrons are conse-
quently released, which is necessary for O=0 bond formation.’

2H,0 — O, + 4H"' + 4e™;
Eyy o = +1.23Vvs.NHE, pH = 0

Depending upon the pH of the aqueous media, oxygen lib-
eration occurs by splitting water into two different half-reac-
tions (Scheme 1). In acidic pH (pH = 0.0), protons are formed
at the anode, followed by simultaneous generation of O, gas
upon oxidizing water. These generated protons act as charge
carriers and get reduced to H, gas at the cathode. Meanwhile,
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charge carrier, which gets oxidized at the anode to liberate O,
gas."™” The large scale generation of O, via water splitting
using molecular catalysts has not been fully explored due to
sluggish reaction kinetics.> Hence, a stable and robust mole-
cular catalyst is essential for water oxidation, as tuning ligand
design can modulate the electronic structure and catalytic pro-
perties, enabling high catalytic rates with minimal overpoten-
tial.® Mn,CaOs, being a natural oxygen-evolving complex of

Gn acidic electrolyte at pH 0 \

OER:  2H,0 () > O,(g) +4H" + 4e~ E®=+1.23 V vs. NHE

HER:  4H*+4e > 2H,(g) E°= 0.00 Vvs. NHE
2H,0 (I) — 0,(g) + 2H,(g) E°=+1.23 Vvs. NHE

In an alkaline electrolyte at pH 14

OER:  40H(I) - 0,(g)+ 2H,0 (I) + 4e~

HER:  4H,0 (I) + 4e" > 2H,(g)+ 40H™ E°= -0.83 V vs. NHE

\ 2H,0 (1) — 0, (g) + 2H,(g) E°=+1.23V vs. NHE j

Scheme 1 Water splitting half-reaction at acidic and alkaline pH.

E®=+0.40 V vs. NHE

This journal is © The Royal Society of Chemistry 2025
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Photosystem II, produces oxygen along with the release of
protons and electrons.”® Hence, the ultimate goal in the
design of water oxidation catalysts (WOCs) is to develop a
molecular catalyst that will be comparable with the natural
photosynthetic cluster CaMn,Os in water-splitting efficiency.
Primarily, O-O bond formation takes place via two possible
mechanistic pathways: water nucleophilic attack (WNA)® and
interaction of two metal-oxo entities (I2M).'® However, various
groups have further suggested that oxygen evolution might also
go through a redox isomerization process (RI) and will only be
noted when there exists p-oxo linkages between the bimetallic
centres.’* Of the several homogeneous catalysts, the Ru***” and
Ir'**?-based WOCs reported by various research groups act as a
promising catalyst for water oxidation. However, their mass
usage had been limited as these catalysts possess a huge econ-
omic burden. Therefore, the use of WOCs based on non-
precious metals such as Mn,'* Fe,** Co,'® Ni'” and Cu'® has
increased, offering a sustainable alternative to precious metals.
Among these late first-row transition metal complexes, extensive
research had been carried out for an electrochemical water oxi-
dation (WO) using Cu-based catalysts,'**” owing to their diverse
biomimetic coordination chemistry and its presence at the active
sites of various metalloenzymes.>® Moreover, in the foremost
report of a Cu-based molecular WOC derived from a copper-
bipyridine complex,”! numerous Cu catalysts had been enumer-
ated as oxygen evolving complexes with simple Cu(u) salts.??*” A
diverse range of ligands with multi-denticity had been incorpor-
ated in the design of molecular Cu WOCs,?**? where a modest
alteration in the ligand framework minimizes the overpotential
by more than 200 mV under alkaline pH, signifying the promi-
nent role of the ligand.>* Llobet et al. had reported on various
Cu-based electrocatalysts for WO using various substituted tetra-
dentate amidate ligands based on N;,N';(1,2-phenylene)bis(N,-
methyl-oxalamide). Electrochemical measurements confirm the
formation of a Cu™" redox couple at E;;, = 0.56 V vs. NHE,
where the configuration around the metal centre remains square
planar with infinitesimal change in the reorganizational energy.
DFT studies confirm that catalysts follow the SET-WNA pathway,
through which a radical cation is formed and further undergoes
reaction with OH™ ions. The overpotential of the complexes gets
drastically reduced to 150 mV when the ligand moiety gets sub-
stituted by electron-donating groups.?® The oxygen evolution was
further examined using a [Cu(pimH)] catalyst {where pimH = 2-
(2"-pyridyl)-imidazole} at various pH values ranging from pH =
8.0 to 12.0. The catalyst follows first-order kinetics and exhibits a
TOF value of 35 s™'. The presence of an ionizable imidazole
moiety stabilizes the metal centre in a higher oxidation state.
Consequently, the overpotential of the complex is lowered to
300 mV.*® At neutral pH in 0.1 M phosphate buffer, Cao et al.
reported that the [Cu-porphyrin] {porphyrin = tetrakis(4-N-
methylpyridyl)porphyrin} catalyst possesses a remarkable water
splitting property and oxidizes water at an overpotential of
310 mV. The catalyst exhibits a faradaic efficiency of 93% upon
performing controlled potential electrolysis using a FTO working
electrode for 10 hours at E° = 1.30 V vs. NHE.”” Sun and co-
workers reported on two Cu-based electrocatalysts which oxidized
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water in 0.1 M phosphate buffered saline (PBS) at pH = 11.50.
Electrochemical measurements indicate that the catalytic peak
potential varies with a gradual increment of pH from 9.0 to
12.50. The complexes undergo WNA and manifest a TOF of 13.1
s ' and 18.7 s7.*® Zhang et al. reported on a water-soluble Cu-
based electrocatalyst [Cu(N,Py;)] {where N,Py; = 2,6-bis[(methyl
(2-pyridylmethyl)amino)methyl|pyridine} for oxygen evolution at
pH = 11.0 in phosphate buffer. Cyclic voltammetry studies indi-
cate that the electrocatalyst exhibits a reversible Cu™" redox peak
at Ey;, = —0.11 V vs. NHE. The complex follows first-order kinetics
and undergoes atom proton transfer (APT) with the increment of
the phosphate buffer concentration from 25.0 mM to
100.0 mM.* Kalita et al. reported that [Cu(L,H)(L,)(OH,)] {L,H =
1-(pyridin-2-yl) ethanone oxime} acts as a robust catalyst for the
electrochemical evolution of oxygen in phosphate buffer at pH =
7.0. Redox studies indicate that the complex exhibits Cu™" and
Cu™" redox peaks at E° = —0.09 V vs. Ag/AgCl and E° = 0.64 V vs.
Ag/AgCl, respectively. CPE at E° = 1.55 V vs. NHE for 4 hours
demonstrated oxygen evolution with a faradaic efficiency of 94%
using an ITO working electrode.*

In this study, the usage of two monomeric Cu(i) complexes
[Cu(QCl-Tpy)Cl,]; [Cul] (where QCI-Tpy = 3-([2,2":6',2"-terpyri-
din]-4"-yl)-2-chloroquinoline) and [Cu(8HQ-Tpy)ClL,]; [Cu2]
(where 8HQ-Tpy = 2-([2,2":6',2"-terpyridin]-4™-yl)quinolin-8-ol)
supported on terpyridine moiety were demonstrated as stable
water oxidation electrocatalysts in 0.1 M H,PO, /HPO,*~
buffered solutions at pH = 12.0. Electrochemical measurements
supported by experimental and density functional theory (DFT)
studies provide evidence for a single-site water oxidation
mechanism involving an atom proton transfer (APT) step.

Experimental section
Synthesis of the [Cu(QCl-Tpy)CL]; [Cu1l]

A methanolic solution of 0.34 mmol of CuCl,-2H,0 was incorpor-
ated into a solution mixture of DCM and MeOH (4 : 1; v/v) consist-
ing of ligand QCl-Tpy (0.34 mmol), and allowed to stir at room
temperature for 4 hours (Scheme 2a). The excess solution was
removed by vacuum evaporation and the obtained residue was
dissolved in a mixture of MeOH : Et,O (1:10 v/v). Upon filtration
followed by vacuum drying, a light green precipitate of [Cul] was
obtained. Light green crystals of the [Cul] complex that were suit-
able for crystallography were obtained in a MeOH medium after
several weeks. Calculated mass for [Cu(C,4H;sCIN,)CI]" m/jz =
494.0069; obtained m/z = 494.0014. Elemental analysis for [Cu
(QCI-Tpy)Cl,] [Cu(C,4H;5CIN,)CL]; C, 54.46%; H, 2.86% and N,
10.56% and found C, 54.61%; H, 2.93% and N, 10.59%.

[Cu(8HQ-Tpy)CL]; [Cu2]

Under room temperature, a 1:1 mixture of CuCl,-2H,0
(0.34 mmol) and 8HQ-Tpy (0.34 mmol) was incorporated into
a solution mixture of DCM: MeOH (4:1 v/v), and formed a
greenish yellow precipitate when the resulting solution was
allowed to stir for 4 hours (Scheme 2b). The obtained precipi-
tate was filtered, washed continuously with chilled Et,O and
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Scheme 2 Synthetic route of (a) [Cu(QCL-Tpy)Cl,]; [Cul] and (b) [Cu
(8HQ-Tpy)Cl,l; [Cu2l.

kept for vacuum drying. The dried product was further recrys-
tallized using DMF, thereby yielding greenish-yellow crystals of
complex [Cu2]. Calculated mass for [Cu(C,,H;60N,)CI]" m/z =
474.0408; obtained m/z = 474.0400. Elemental analysis for [Cu
(8HQ-Tpy)Cl,] [Cu(C,4H140N,)CL]; C, 56.43%; H, 3.16% and
N, 10.97% and found C, 56.47%; H, 3.17% and N, 10.99%.

Results and discussion

The ligands QCl-Tpy and 8HQ-Tpy were synthesized according to
the synthetic procedure reported in the literature.**> Upon dis-
solution of one equivalent of ligand QCl-Tpy into a solvent
mixture of DCM : MeOH (4 : 1 v/v), one equivalent of CuCl,-2H,0
was incorporated and stirred at room temperature for 4 hours.
The resulting light green precipitate of [Cul] was filtered, and
washed with MeOH and Et,0O. The obtained precipitate of [Cul]
was vacuum dried and dissolved in MeOH. Upon slow evapor-
ation, the solution yields light green crystals of the [Cul]
complex. The greenish-yellow precipitate was formed upon
addition of one equivalent of CuCl,-2H,0 to a solvent mixture of
DCM : MeOH (4:1 v/v) consisting of one equivalent of the ligand
8HQ-Tpy. The obtained precipitate was filtered and washed with
Et,0. Slow evaporation of DMF produced greenish-yellow crystals
of complex [Cu2]. The NMR spectra of the ligands QCl-Tpy and
8HQ-Tpy are shown in Fig. S1-S4, while the FTIR spectra of the
ligands and their complexes are presented in Fig. S5-S6.

Absorption spectra

The electronic absorption spectra of both copper complexes,
[Cul] and [Cu2], had been examined in the organic solvent

13896 | Dalton Trans., 2025, 54, 13894-13908
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N,N-dimethyl formamide.’®® The complex [Cul] exhibits a
broad low intensity band at Ay = 732 nm (¢ = 83.0 M ' cm ™).
Additionally, complex [Cul] exhibits a band at 4. = 573 nm
(e = 49.0 M~ " em™"), illustrating that it undergoes Jahn-Teller
distortion between the *B; to E energy states. Two peaks for
the ligand QCl-Tpy had been noted at Ay, = 280 nm (¢ =
12944.0 M™' em™) and at Apax = 320 nm (¢ =4753.0 M " cm ™)
due to n=—n* and n-n* transitions, respectively (Fig. S7a). Due to
the electron-donating ability of the ligand 8HQ-Tpy, a batho-
chromic shift was noted in the complex [Cu2]. A metal-based
peak at Ap. = 760 nm (¢ = 106.0 M~' cm™"') was observed,
along with a small intensity band at A, = 595 nm (¢ = 89.0
M~ em™), illustrating that it undergoes Jahn-Teller distor-
tion. These transitions were mainly attributed to the square
pyramidal geometry of the complexes, which undergoes tran-
sitions from ?B, to ?A, and *B; to “E energy states (Fig. S7c).>*”
The ligand 8HQ-Tpy also shows a peak at A = 280 nm (& =
25476.0 M™' cm™') due to a n-n* transition, and another at
Amax = 325 nm (e = 6915.0 M~' em™") corresponding to the
n-n* transition (Fig. S7b). The low molar extinction coefficient
value for the n—r* transition in contrast to n-n* transition was
attributed to the anti-symmetric nature of the transition
moment integral.

Mass spectra

The composition of both ligands and complexes had been
determined by mass spectrometry in DCM and aqueous
medium, respectively. The protonated QCI-Tpy ligand exhibits
a molecular ion peak at 395.1049 [M + H'] (with M represent-
ing C,4H;5N4Cl), whereas the simulated value corresponds to
395.1058 (Fig. S8). The peak at 494.0015 m/z is attributed to
[C24H15N,CL,Cu]" [Cu(QCI-Tpy)Cl]" for the [Cul] complex
(Fig. S9). Moreover, the ligand 8HQ-Tpy manifests a molecular
ion peak at 377.1377 [M + H'] (where M represents
C,4H16N,0), whereas the predicted value was illustrated to be
at 377.1396 (Fig. $10). The [Cu2] complex exhibits a peak at
474.0400 m/z corresponding to [C,4H;¢N,OCICu]" [Cu
(8HQ-Tpy)Cl]" (Fig. S11). The mass spectra of the complexes
demonstrate that one of the chlorides was labile in the solu-
tion phase.

Single crystal X-ray structure

The catalyst [Cu(QCl-Tpy)Cl,] [Cul] crystallizes in the monocli-
nic P2,/n space group. The overall complex was neutral and
mononuclear, comprising an asymmetric unit of the complex
[Cu(QCl-Tpy)Cl,] and a MeOH molecule as the solvent of crys-
tallization. The Cu metal center was pentacoordinated in the
[Cu(QCl-Tpy)Cl,] complex, as displayed in the Oak Ridge
thermal ellipsoid plot (ORTEP) (Fig. 1a). The crystal data and
refinement parameters are listed in Tables S1-S3. Complexes
possessing pentacoordinated geometry can have two possible
structures, trigonal bipyramidal (tbp) or square pyramidal
(spy). At the [Cul] metal center, a = 151.62°, = 155.53° and 75
= 0.06, thereby indicating a square pyramidal geometry at the
Cu-center (Fig. 1c). This can be attributed to the structural

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) ORTEP of complex [Cu(QCI-Tpy)Cl,]; [Cull MeOH molecule has been removed for clarity. (b) Five-coordinated polyhedron of [Cull. (c)
Structural parameters in the square pyramidal geometry of [Cull. (d) ORTEP of [Cu(8HQ-Tpy)Cl,]; [Cu2] DMF molecule has been removed for clarity.
(e) Five-coordinated polyhedron of [Cu2]. (f) Structural parameters in the square pyramidal geometry of [Cu2].

parameter (z5) from the penta-coordinated geometry calculated
by means of eqn (1):

p—a
~ —1.01667a + 1.01667 1
0 + B (1)

Ty =

The Cu-center of the [Cu(QCI-Tpy)Cl,] catalyst had a square
pyramidal geometry, wherein the square-plane consists of N1,
N2, N3 and Cl1 as the coordinating atoms. The Cl2 atom
occupies the apical position. Moreover, the Cu-N neutral
coordination was stronger and shorter than the Cu-Cl anionic
coordination. It had been noted that the trans-coordinating
Cu-N,,, bonds (2.043 A and 2.045 A) were longer than the Cu-
N,y (central) bond (1.938 A) owing to the overlap of the n*-
orbital of the central pyridine ring with the Cu-t,, orbital. The
bite angles generated by #N(2)Cu(1)N(1) and £N(2)Cu(1)N(3)
at 78.66° and 78.38°, respectively, deviate considerably from a
right angle. The angles generated due to the trans coordinating
atoms ~#N(1)Cu(1)N(3) (155.53°) and «N(2)Cu(1)CI(1) (151.62°)
strongly deviate from linearity. The mononuclear complex [Cu
(8HQ-Tpy)Cl,] [Cu2] crystallizes in a triclinic P1 space group
with the asymmetric unit of the complex consisting of a
neutral [Cu(8HQ-Tpy)Cl,] moiety and dimethyl formamide as
the solvent for crystallization. The pentacoordinated Cu metal
center adopts a distorted square pyramidal geometry as evi-
denced by eqn (1), where the structural parameter (z5) has
been calculated to be 0.0045 (@ = 155.95°, f = 156.22°). The
equatorial plane comprises three N, atoms (N1, N2 & N3) and

This journal is © The Royal Society of Chemistry 2025

Cl1 atoms, whereas the apical position was occupied by the
Cl2 atom as represented in ORTEP (Fig. 1d).

The crystal data and refinement parameters are listed in
Tables S4-S6. As a consequence of the overlap of the n*-orbital of
the central pyridine ring with the Cu-t,, orbital, the Cu-Np,
(central) bond (1.965 A) was comparatively shorter than the trans-
coordinating Cu-Nj,, bonds (2.050 A and 2.040 A). Furthermore,
the Cu-Cl2 apical bond (2.4942 A) was comparatively longer than
the Cu—Cl1 bond (2.2428 A). The bite angles generated by ~N(2)
Cu(1)N(1) and £N(2)Cu(1)N(3) at 78.69° and 78.71°, respectively,
deviate considerably from a right angle. The angles generated
due to the trans coordinating atoms «N(1)Cu(1)N(3) (156.22°)
and «N(2)Cu(1)Cl(1) (155.95°) strongly deviate from linearity.
Significant m---w stacking interactions are observed between the
Tpy ligands in complexes [Cul] and [Cu2], with centroid-cen-
troid distances of 3.736 A and 3.741 A, respectively (Fig. $12).

Solution phase magnetic properties

The Evans Method was used to calculate the effective magnetic
moment (ueg) of complexes [Cul] and [Cu2] in a solution com-
prising DMSO and 10% ‘BuOH, and its '"H NMR spectra were
recorded at room temperature. The effective magnetic moment
(Hetr) of both complexes [Cul] and [Cu2] stands out at 2.0534up
and 1.910ug, respectively (Fig. S13). It infers the presence of
only one unpaired electron in the metal center of both com-
plexes and further confirms their mononuclear nature.’***
The detailed calculations are provided in the SI.
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Solid-state magnetic properties

The complexes [Cul] and [Cu2] were studied for their solid-
state magnetic characteristics at 1000 Oe throughout the temp-
erature range of 10-300 K. Complexes [Cul] and [Cu2] have T
values of 0.48 and 0.49 cm® K mol™" at 300 K, respectively
(where y is the molar susceptibility). As the temperature drops,
the yT value drops linearly in the case of [Cul] (Fig. S14(A)).
The presence of an antiferromagnetic interaction is indicated
by this behaviour in [Cul1].’® However, it is different in the
case of the complex [Cu2] (Fig. S14(B)). The ' vs. T plots in
the complexes [Cul] and [Cu2] do not follow a linear plot. The
presence of the curvature is usually observed due to the temp-
erature-independent magnetic susceptibility. In order to
obtain the best-fit parameters, the modified Curie-Weiss law
was fitted to the data, following eqn (2a) and (2b). In the case
of [Cul], the Neil temperature (Ocw) was —0.82 + 0.01 K, along
with the Curie-Weiss constant of 0.15 + 0.01.36. The tempera-
ture-independent magnetic susceptibility y, in [Cul] was calcu-
lated to be 1.12 x 10~ ¢cm® mol™". But for [Cu2], the Curie
temperature, Ocw, was +8.32 K, and the Curie constant was
0.08 + 0.01 for the fitting range of 10-250 K (Fig. 2). The temp-
erature-independent magnetic susceptibility y, in [Cu2] was
found to be 1.17 x 10~* em® mol ™.

= c + (2a)
I_T*QCW Xo
_ T — Ocw
1
=" .C 2b
Xo(T — Ocw) (2b)

Electrochemistry

The cyclic voltammogram of complex [Cul] in DMF exhibits a
metal-based irreversible peak at E, . = —0.156 V and E,, , = —0.046
V vs. SCE for the Cu®" redox couple (Fig. 3a). Another peak
corresponding to the Cu"™ redox couple had an E;,, = 0.381 V vs.
SCE (Ep, = 0.333 Vand E, , = 0.428 V vs. SCE) and an irreversible
nature.”’*“ On the other hand, ligand QCI-Tpy exhibits two
cathodic peaks at —1.652 V and —1.772 V vs. SCE. Besides these,
several anodic peaks had been noted with the most prominent
being a peak at E, , = 1.06 V vs. SCE (Fig. S15a & S15b).**

Upon performing CV under similar electrochemical con-
ditions in DMF medium, two quasi-reversible peaks at E;/, =
—0.106 V vs. SCE for the Cu®”" redox species and at E;,, = 0.415
V (Ep,. = 0.355 V and E,, = 0.475 V vs. SCE) for the Cu”"" redox
couples, respectively, had been noted for complex [Cu2]
(Fig. 3b), whereas the ligand 8HQ-Tpy exhibits two irreversible
peaks at E = —1.528 V vs. SCE and at E = —1.875 V vs. SCE
(Fig. S15c and S15d).*° Furthermore, it had been observed that
the ligand 8HQ-Tpy displays several anodic peaks with the
notable one being peak at E,, , = 1.11 V vs. SCE (Fig. S15c). The
anodic shift in the ligand-based redox peaks of the complex to
a high positive potential, in contrast to the ligands QCI-Tpy
and 8HQ-Tpy, confirms the formation of the complexes [Cul]
and [Cu2], respectively. The presence of a metal-based peak in
both Cu complexes was further confirmed by differential pulse
voltammetry technique when scanned in a cathodic direction
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Fig. 2 Solid-state magnetic susceptibility of (A) [Cull and (B) [Cu2],
with corresponding fitting.

(Fig. 3a & b). Moreover, varying the scan rate in both com-
plexes from 40-120 mV s~ leads to a subsequent enhance-
ment in the cathodic and anodic peak currents (Fig. S16).
Furthermore, the two electrons had been involved due to Cu
metal center was verified through coulometry at E,pp, = —0.60 V
vs. SCE (Fig. S17 & S18). The resting potential of both [Cul]
and [Cu2] is approximately +0.1 V vs. SCE, suggesting that
each complex undergoes a two-electron redox process involving
the reduction of Cu®" to Cu® and reoxidation back to Cu**. The
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Fig. 3 Redox chemistry in DMF medium at a scan rate of 0.1V s~ using 0.1 M TBAP as a supporting electrolyte under an anaerobic atmosphere of
1.00 mM of complex (a) [Cul] and (b) [Cu2]. Cyclic voltammogram in 0.1 M phosphate buffer at pH = 12.0 at a scan rate of 0.1 V s~ under an inert
atmosphere of 1.00 mM of catalyst (c) Full range CV of [Cul]. Inset show the DPV of [Cul] in 0.1 M phosphate buffer at pH = 12.0. (d) Full range CV
of [Cu2]. Inset show the DPV of [Cu2] in 0.1 M phosphate buffer at pH = 12.0.

formation of Cu® from Cu®* during the cathodic scan appears
to be kinetically slow, as evidenced by the large peak separ-
ation observed in the voltammograms—indicative of an irre-
versible or sluggish electron transfer process. This behavior is
further supported by scan rate-dependent studies (Fig. S16).
The transient nature of the Cu(i) intermediate may be attribu-
ted to its instability in solution, leading to rapid disproportio-
nation via 2Cu* — Cu® + Cu®". An evaluation of the scan rate
from 50-150 mV s~* for Cu"/' had been recorded within the
potential window of 0.7 V to —0.1 V vs. SCE for complexes
[Cul] and [Cu2] in DMF medium (Fig. S19a & Fig. S20a). The
peak current for the cathodic and anodic waves exhibits linear
dependency on the square root of the scan rate (Fig. S19b &
Fig. S20b). On linear fitting of the graphical plot and using
eqn (3), the diffusion coefficient value was found to be 0.0828
x107% em” s7" and 0.0272 x 10°° em® s~ for [Cul] and 0.1107
x 107 em® s7' and 0.0377 x 10° ecm® s for [Cu2], which
infers that the process was diffusion-controlled under organic
medium (Table S7 and S8).

, nFoD\ '/
ip = 0.446 nFA[Catalyst] T (3)

Aqueous electrochemistry

The catalytic activity of both copper complexes as WOCs had
been studied by cyclic voltammetry technique in 0.1 M phos-
phate buffer at pH = 12.0 by utilizing a glassy carbon as the
working electrode under inert conditions. Upon performing both

This journal is © The Royal Society of Chemistry 2025

CV and DPV on 1.00 mM of complex [Cul], an irreversible peak
attributed to the Cu”" redox couple was noted at E;;, = —0.192 V
vs. SCE (Ep o = —0.043 V & Ej, . = —0.427 V vs. SCE). The complex
exhibits another irreversible peak ascribed to ligand-based oxi-
dation, which appears at Ej, , = 0.989 V vs. SCE (Fig. 3c).

Under similar electrochemical conditions, the CV & DPV of
1.00 mM of complex [Cu2] exhibits an irreversible Cu”" redox
couple peak at E = —0.135 V vs. SCE (E,, = —0.074 V & Ep, . =
—0.344 V vs. SCE). A broad irreversible peak corresponding to
the Cu™™ redox couple had been observed at E, , = 0.512 V vs.
SCE (Fig. 3d). The diffusion coefficient for the electrocatalyst
[Cu1] was assessed by the Cu"™ peak current with the scan rate
dependence varying from 100-500 mV s~' (Fig. S21a). The
value was further estimated by the Randles-Sevcik eqn (3). The
response of the peak current for the cathodic and anodic
segment for [Cul] suggests linear dependency with the square
root of the scan rate, thereby illustrating diffusion-controlled
phenomena (Fig. S21b). On linear fitting of the graphical plot
and using eqn (2a) and (2b), the diffusion coefficient was
found to be 1.056 x 107° em® s~ and 0.0192 x 10~° cm” s~ for
the cathodic and anodic waves, respectively. Under similar
electrochemical conditions (Fig. S22a), the complex [Cu2] exhi-
bits linear dependency between the square root of the scan
rate with the cathodic and anodic peak currents (Fig. S22b),
and thereby possesses a diffusion coefficient value of 0.9704 x
107° em® s and 2.362 x 107° cm® s7', respectively’” (Tables
S9 and S10). Therefore, it can be inferred that both [Cul] and
[Cu2] can be utilized as active electrocatalysts for OER in 0.1 M
phosphate buffer at pH = 12.0. Moreover, to assess the broader
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applicability of the catalyst, its catalytic activity was examined
from neutral to weakly alkaline medium (pH = 7.0 to 9.0) in
0.1 M phosphate buffer (Fig. S23).

Concentration variation of the catalyst

To gain insight into the kinetics of the OER, CV of both copper
complexes was recorded by varying the catalyst concentration
from 0.50 mM to 2.00 mM in 0.1 M phosphate buffer at pH =
12.0 (Fig. 4).

Moreover, a linear rise in the catalytic current (i) with the
enhancement of the catalyst concentration from 0.50 mM to
2.00 mM confirms the single-site molecular water oxidation,
and is a characteristic feature of first-order WNA (Fig. S24 and
$25) in the catalytic cycle.**™*?

For a first-order oxygen evolution reaction where H,O acts
as both solvent and substrate, the calculated value of k., rep-
resents the limiting turnover frequency for the catalysts. It had
been discerned that lowering the scan rate from 500 mV s™* to
100 mV s~ ! raises the ratio of lcat/lp, Which was consistent with
the rate-limiting O-O bond formation in the catalytic cycle
(Fig. $26 and $27).%*

Foot-of-the-wave analysis

Several transition metal complexes have been reported for the
effective evolution of oxygen from water. Meanwhile, the con-
trasting experimental conditions under which catalysis occurs
inhibit meaningful comparisons. However, as a consequence
of several competing side reactions (such as substrate con-
sumption, formation of metal oxides (MO,), etc.), an ideal
S-type catalytic current was not attained. In order to address
such challenges, FOWA had been developed by Savéant et al.,*®
where kinetic information can be extracted even though an
ideal S-type catalytic response is not obtained.’* A linear
relationship between i../i, vs. the potential-dependent term
had been noted for both WNA and I2M pathways (Fig. 5a).
This potential-dependent term implies [1/{1 + exp[(F/RT)(E -
Eea2)]}] and [1/{1 + exp[(F/RT)(E — Ecay2)]*"?] for the WNA and
I12M pathways, respectively, with each scientific term having
significant meaning. The detailed calculations are provided in
SI and (Tables S11-S14). The linear fitting between i.a/ip vs.

. 0-00451" N [Cu1] I [Cu2]
§ 0.0036-
<
£0.0027
7]

&

0 0.00181
5

£ 0.0009
3

o

0.0000

5E-4 0.001 0.0015 0.002
Concentration/ Mol L™

Fig. 4 Standard deviation plot of current density (at 1.5 V vs. SCE) vs.
varying concentration of catalysts from 0.50 mM to 2.00 mM for [Cull]
and [Cu2] in 0.1 M phosphate buffer at pH = 12.0 under an anaerobic
atmosphere.
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WNA pathway of (A) [Cul] and (B) [Cu2]. FOWA plot in 0.1 M phosphate
buffer at pH = 12.0, assuming the I12M pathway for (C) [Cul] and (D)
[Cu2].

the potential-dependent term yields a slope value through
which the rate constant can be extracted (Fig. S30-S33).
Furthermore, it had been discerned that the kwyna value
remains independent of the catalyst concentration (Fig. S34).
The catalytic rate constant (kp) assuming I2M pathway had
also been evaluated. It was noted that the kp value decreases
with the increment in the catalyst concentration (Fig. S34).
Hence, it can be inferred that the WNA mechanism was operat-
ive in both catalysts.*® The TOF,,,, values calculated using
foot-of-the-wave analysis of the reported Cu-based water oxi-
dation catalysts are included in Table 1.

Catalytic Tafel plot

The catalytic Tafel plot provides valuable insights between the
kinetic parameter (TOF) and thermodynamic overpotential (y).
Under non-standard condition, the oxidation potential for oxygen
liberation can be evaluated using the Nernst eqn (4), as follows:

0.059 =
1z % [H,0]

Eox =E, + vs. NHE (4)

In general, the catalytic Tafel plot gives an idea about the
change in TOF per unit change in 5 (Fig. S35-S38) for a par-
ticular catalyst, thereby indicating the reliance of TOF on the
additional driving force beyond the thermodynamic require-
ment.*’? In the catalysts [Cul] and [Cu2], the onset potential
(Eonser) at varying concentrations from 0.50 mM-2.00 mM had
been determined vs. SCE.

Moreover, the catalytic half-wave potential (E..,) and
TOFax at each concentration had been evaluated (Tables S11-
S14). These parameters were useful as they provide an in-depth
understanding of the catalytic activity of each complex and
their performance as electrocatalysts in OERs. A better catalyst
was anticipated to exhibit a catalytic Tafel plot which gets
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Table 1 Comparison of TOF,,,, calculated using foot-of-the-wave ana-
lysis for reported Cu-based water oxidation catalyst

SL no. Catalyst TOF pax (s7° Ref.
1 [(PMOA)Cu]*~ 3.56 (pH = 11.5) 25
12.0 (pH = 12.5)
2 [Cu(dpaq)](ClO,) 3.1x10% (pH=11.5)  45e
3 [Cu(N,0,)*~ 54.0 (pH =9.2) 45b
4 [BPTCu"(OH),] 5.80 (pH = 11.5)
5 [Cu,(BEE),] 5503 (pH = 9.35) 49
[Cu,(BE),] 51 (pH = 9.35)
6 [(TAML)Cu](NMe,), 200 (pH = 12.0) 50
140 (pH = 7.0)
7 [Cu(QCI-Tpy)Cl,] 10 x 10° (pH = 12.0) This Work
8 [Cu(8HQ-Tpy)Cl,] 15 x 10® (pH = 12.0) This Work

PMOA = Ny,N';-(1,2-phenylene)bis(N,-methyl-oxalamide); H-dpaq = 2-
[bis(pyridin-2-methyl)amino-N-quinolin-8yl-acetamide]; N,O, = N,N'-
(1,2-phenylene)bis(2-hydroxy-2-methylpropanamide); BPT = peptoid
trimer bearing a 2,2"-bipyridine ligand, a -OH group, and a benzyl
group BEE = peptoid trimer having one 2,2-bipyridine ligand, and two
ethanolic groups; TAML = (15,15-dimethyl-8,13-dihydro-5H-dibenzol[b,
h|[1,4,7,10]tetraazacyclotridecine-6,7,14,16(15H,17H)-tetraone).

shifted diagonally to the upper left, signifying its superior per-
formance and efficiency (Fig. S29).

Concentration variation of the phosphate buffer

Electrochemical measurements were conducted to examine
the effect of the phosphate buffer on the oxygen evolution reac-
tion by gradually increasing its concentration from 0.02 M to
0.10 M (Fig. S39 & S40) in the presence of 0.5 M NaClO,. The
linear rise in the current density at a fixed concentration of cat-
alysts at 1.5 V vs. SCE with the increment of the phosphate
buffer concentration indicates the strong ability of HPO,>™ as a
proton acceptor from nucleophilic H,O to facilitate O-O bond
formation.>'™* The stability test for redox states was also per-
formed using 0.1 M phosphate buffer at pH = 12.0 for both Cu
complexes. The peak position for both catalysts remains con-
stant after seven cycles, indicating the potential stability of the
redox states under the experimental condition (Fig. S39f &
S40f).

(a) 1.2-
[Cu"(O)(L*) e
w slope = 60 mV/pH
Q J
b 0.9
2
S064. . . [Cu"(L)(CI)(OH)"
% slope = 0 mV/pH
£ 0.3
[
-
[}
o 0.0
[Cu"(L)(CI)(OH)]
slope =28 mV/pH
-0.3 1 [Cu’(L)(CI)(OH,)I"
7 8 9 10 11 12
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pH dependence electrochemical studies

The pH-dependent electrochemical studies were carried out by
performing differential pulse voltammetry (Fig. S41) on
1.00 mM of both Cu complexes in Britton-Robinson buffer by
varying the pH from 7.0-12.0 (Fig. 6). Initially, the catalyst
[Cu1] exhibits a slope of 28 mV/pH, indicating a two electron-
one proton transfer (2e”/1H" PCET) occurring simultaneously
to generate the [Cu"~OH] active species (L = QCl-Tpy).

[Cu’(L)(Cl)(OH,)] " = [Cu(L)(Cl)(OH)] + H' + 2e~

The [Cu"-OH] active species undergoes oxidation to gene-
rate the [Cu™-OH] species, which followed by PCET generates
the electron-deficient [Cu"-0"] species.

[Cu™(L)(Cl)(OH)] = [Cu™(L)(Cl)(OH)]"" + e~

[cu™(L)(cl)(oH)]*! = [cu™ (0" ) (L) (C)] + HF e

This species undergoes WNA on the oxygen center of the
[Cu™-0O"] species to form the hydro-peroxo species.

[Cu (L H)(C1)(07)] ! + OH™ = [Cu"(L)(Cl)(-0-OH))

The hydro-peroxo species releases one proton and one elec-
tron to form the superoxo species, which further undergoes
nucleophilic attack by the OH™ ions present in the reaction
medium to revert to the [Cu"~OH] active species with the liber-
ation of an oxygen molecule.

[Cu™(L)(Cl)(~0-OH)] = [Cu™(L)(C])(-0-O")] + H" + e~

[Cu"™(L)(C1)(-0-0")] + OH™ — [Cu"(L)(Cl)(OH)] + e~ + O,

On the other hand, the catalyst [Cu2] exists in a +2-oxi-
dation state, which undergoes PCET (1H'/1e”) to form the
[Cu™-OH] species. This species further undergoes two proton
and two electron transfer (PCET) simultaneously to form the
[Cu™(-0")(L")(C1)] species (where LH = 8HQ-Tpy).

[Cu'(LH)(C1)(OH,)] = [Cu™(OH)(LH)(Cl)] + H" 4 e~

(b) 1454 ewojien
w 0.924 slope = 0 mV/pH
w 0.
(7]
«» 0.69 [cu"(-0")(L)(CI)]
> slope = 59 mV/pH
>
= 0.46
8
T
§ 0.23-
o [CU(LH)(CI)OH)]
0.00 4 slope =58 mV/pH
[CU'(LH)(CI)(OH,)]
-0.23

7 8 9 10 11 12
pH

Fig. 6 Pourbaix diagram in Britton—Robinson buffer from pH = 7.0 to 12.0 of 1.00 mM of complexes (a) [Cul] and (b) [Cu2].
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[Cu™(LH)(CI)(OH)] = [Cu™(-O")(L")(Cl)] + 2H" + 2¢"

The intermediate [Cu"(-O")(L")(Cl)] species further under-
goes WNA by the HO™ ion with the release of one electron to
form the Cu(u)-hydroperoxyl radical species.

[Cu'(-0")(L")(Cl)] + OH~ = [Cu'/(-O"-OH)(L)(CI)] +e"
[Cu"(-0"-OH)(L)(Cl)] = [Cu™(-0-O")(L")(Cl)] + H" + e~

[Cu"(0-0")(L")(Cl)] + OH™ +H' — [Cu" (LH)(Cl)(OH)] + O,

The hydroperoxyl radical species further undergoes one
proton and one electron transfer and forms the Cu(u)-superoxo
species, which upon nucleophilic attack by HO™ releases an O,
molecule and reverts to its initial state.

Spectro-electro chemistry

The spectro-electrochemical properties of both catalysts
[Cul] and [Cu2] were studied through in situ FT-IR (Fig. 7
and S42) in 0.1 M phosphate buffer at pH = 12.0. The tran-
sient copper super-oxo species had been detected through
CPE at 1.35 V vs. SCE (Fig. 7). Initially, the IR spectra of the
complex show no peaks at around 1110-1120 cm™", indicat-
ing that the catalyst exists in the [Cu”-OH] state. Through
the CPE technique, it was observed that the band intensity
at 1110-1120 cm™' was enhanced with increasing electrolysis
time. The band noted at 1110-1120 cm™' was mainly
attributed to the formation of the transient cupric super-oxo
transient species (vo-o = 1112 ¢cm™).>** This similarity in
stretching frequencies lends more credence to the idea that
the super-oxo ion coordinates with the copper metal center
in both catalysts during oxidation of H,O. Similarly, the
addition of a certain aliquot of H,0, leads to the generation
of a discernible IR peak at 800-900 cm™" (Fig. S42), corres-
ponding to the end-on stretching frequency of the transient
cupric-hydroperoxo [Cu-OOH] species.’*® The peak inten-
sity is enhanced with the increment in the amount of
added H,0,.

—1500s

(a)

1110 cm™
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Homogeneity study

To investigate whether the catalytic process in both copper
complexes was homogeneous, several controlled potential
experiments were performed, which indicated that the cata-
lysts retained their molecular nature without being deposited
on the electrode surface. Initially, minimal changes in the
absorption spectra (Fig. S43) and cyclic voltammogram of both
complexes (Fig. S44) were noted when recorded in 0.1 M phos-
phate buffer at pH = 12.0 before and after applying the poten-
tial of 1.5 V vs. SCE for 2 hours, indicating no change in the
structural integrity.>> Moreover, the mass spectrometry data of
both complexes after CPE at 1.5 V vs. SCE for 2 hours (Fig. S45
& S46) illustrate the minute shift in the peak, thereby
suggesting that [Cul] and [Cu2] were still the major species
existing in the solution.”®

As a support to our analysis, a rinse test (charge built-up
test) was performed for both complexes, where the GC elec-
trode had been subjected to CPE at 1.5 V vs. SCE in the pres-
ence of the complexes for 2 hours in 0.1 M phosphate buffer at
pH = 12.0, and the amount of accumulated charge was
observed. The same GC electrode was reused by rinsing with
water and dipped in fresh 0.1 M phosphate buffer solution
having pH = 12.0 in the absence of complexes, and was
allowed to undergo electrolysis at 1.5 V vs SCE for 2 hours. The
amount of charge accumulated after the rinse test was less in
[Cul] (Fig. S47a), whereas the charge accumulated in [Cu2]
was identical to that of the blank (Fig. S47b), thereby excluding
the deposition of any CuO, particles on the electrode
surface.*®”®” Furthermore, examination of the GC electrode in
the presence and absence of the catalyst by FESEM (Fig. S48
and S49), EDX (Fig. S50 and S51), XPS (Fig. S52a and S52b),
and DLS measurement (Fig. S52¢ & S52d) upon CPE at 1.5 V
vs. SCE for 2 hours concludes that nanoparticles (CuO), were
not formed during electrolysis.”®°

Electron paramagnetic resonance

From the EPR spectra of complexes [Cul] and [Cu2] in MeOH
solvent at 77 K (Fig. S53), it had been noted that the geometry
of both catalysts remains square pyramidal with unpaired elec-

Pl
1600s '112em

(b)

—1210s i

1440 1280 1120 960 800 640 480
Wavenumber/ cm”

1440 1280 1120 960 800 640 480
Wavenumber/ cm™

Fig. 7 Detection of the super-oxo transient intermediate species in 0.1 M phosphate buffer at pH = 12.0 through CPE at 1.35 V vs. SCE by in situ
FT-IR spectroscopy technique using 1.25 mM of complexes (a) [Cul] and (b) [Cu2].
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trons residing in the d,.— d,. orbital,”" which had been consist-
ent with the g-tensor values of g, =g, = g, =2.08 and g, = g =
2.15 for [Cul] and of g, = g, = g, = 2.045 and g, = g, = 2.28 for
[Cu2]. All the simulated parameters are listed in Table 2 and
Tables S15 and 16.

The EPR spectra of [Cul] and [Cu2] before and after electro-
lysis at 77 K in 0.1 M phosphate buffer (pH = 12.0) are pre-
sented in Fig. 8(a)-(d). The simulated parameters are tabulated
in Table 2. Upon simulation, it had been noted that catalysts
[Cu1] and [Cu2] possess g-tensor values of g, = g = 2.23 and
2.32, respectively. Furthermore, a prominent signal at g, = g, =
g1 = 2.05 and 2.08 for [Cul] and [Cu2], respectively, demon-
strate a typical derivative line shape. The observed trend in
g-values (g, > g, > 2.0023) for both Cu complexes indicates
that an unpaired electron occupies the d,. — dy. orbital of the
pentacoordinated square pyramidal geometry.’’“®**” This
observation was consistent with a Cl-donor ligand (weaker
ligand), revealing a bond in the axial plane of the square pyra-
midal geometry.

An EPR spectrum recorded at 77 K after performing CPE in
0.1 M phosphate buffer at pH = 12.0, as shown in Fig. 8(b),
suggests a structural change with the g-tensor values of g, =
2.22, g, = 2.105 and g, = 2.03, which might be possible due to
the formation of a phosphate-coordinated copper(u) species in

Table 2 Simulated parameters for the EPR spectra

g-Matrix A-Matrix/G
D Matrix/G
Fig.no. g, & 2 A, A A, D E
8(a) 2.05 2.05 223 — 150 — @ — —
8(b) 2.03 2105 222 — — 100 — —
8(c) 2,08 2.08 232 60 20 160 1 0.33
8(d) 207 207 218 — — 60 —

(b)

2000 2500 3000 3500 4000 4500 2000 2500 3000 3500 4000 4500
Magnetic Field/ G Magnetic Field/ G

@ X

l
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Fig. 8 X-band EPR spectra recorded at 77 K in 0.1 M phosphate buffer
at pH = 12.0 for 1.50 mM of: (a) [Cul] before electrolysis, (b) [Cul] after
electrolysis, (c) [Cu2] before electrolysis, and (d) [Cu2] after electrolysis.
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the primary coordination sphere of the complex. The linear
combination of the d,. — dy. and d,. ground states cause this
feature, which was usually an intermediate between the trigo-
nal bipyramidal and square pyramidal geometries, as evi-
denced by eqn (5)—(7):*¢

Tgs = Cl‘dzz> + Cz|dx2 — dy2> (5)

where c; represents the coefficients of the linear combinations.

For complexes of such type, a parameter R can be indicative
of the predominance of the d,. (¢; > ¢,) or d,. — d,. orbital (c, >
¢,) in the ground state,**” as represented in eqn (6):

64
=gx = =2.0023 £ —+————
BTET ~ B(dz) — B(dz) .
=2.0023 + o4
. - (dzz) - E(dyZ)
R=9"%5 (7)
&%
where R can be indicative of the predominance of the d,. — d,.

and d,. ground states. From eqn (7), it had been noted that R >
1, which implies that the ground state arises from the d,.
orbital. Upon performing CPE under similar electrochemical
conditions for [Cu2], similar EPR spectra (Fig. 8d) had been
observed as that for the condition before CPE (Fig. 8c) with
g-tensor values being g, = g, = g, =2.065 and g, = g, = 2.18.

Controlled potential electrolysis

The liberation of O, by both complexes had been quantified by
conducting CPE in 0.1 M phosphate buffer at pH = 12.0 at an
applied potential of 1.35 V vs. SCE for 350 seconds.?** The
amount of charge accumulated due to complexes [Cul] and
[Cu2] was observed to be high in comparison to the total
charge passed in their absence. The evolved O, had been
detected and quantified by utilizing an optical fibre oxygen
sensor. The result illustrates a steady rise in O, evolution by
both copper complexes (Fig. 9). The low faradaic efficiency (F.
E.) of the complexes (F.E. = 68.0% for [Cul]; F.E. = 83.0% for
[Cu2]) might be attributed to the oxidative degradation of
carbon electrodes.>® Moreover, the headspace had not been
able to detect any residual O, remaining dissolved in solution.
To access the broader applicability of the complexes, its cata-
Iytic activity was examined from neutral to weakly alkaline
media (pH = 7.0 to 9.0) in 0.1 M phosphate buffer (Fig. S54).

DFT characterization of water oxidation

Density functional theory (DFT)°*®® calculations were per-
formed using the Gaussian 16 package®® to explore the
mechanistic insight of the Cu catalyst oxygen evolution reac-
tion (OER). For the geometry optimization and frequency cal-
culation, the B3LYP function®®® was used with the Lanl2dz
basis set®” for the metal Cu center and 6-31+G* basis set®® for
other nonmetal centers (H, C, N, O, Cl). The computational
details are given in SI. To decide the most stable spin state, we
optimized all possible spin states of each molecule
(Table S17). In the DFT free energy calculations, the chemical
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Fig. 9 (a) Direct O, measurement of complexes [Cul] and [Cu2]. (b)
Total charge build-up during controlled potential electrolysis.
Electrolysis conditions: 0.50 mM of the catalyst in 0.1 M phosphate
buffer at pH = 12.0 using three-electrode configurations under an inert
atmosphere.

potential H'/e™ pairs were taken as one-half of the H, poten-
tial, considering the computational hydrogen electrode
model.*® To avoid errors associated with the Gibbs free energy
of O,, we used the free energies of H,O and H,, including the
4.93 eV experimental correction value. The calculated oxi-
dation potentials are provided in Tables S18 and S19. The
potential limiting step (PLS) was identified as the most
thermodynamically demanding step.

Ho, = 2Gu,0 — 2Gu, + 4.93 eV (8)

In the oxygen evolution reaction (OER) pathway, the OH
group coordinates with metal catalysts in alkaline medium
(pH = 12) and undergoes proton-coupled electron transfer
(PCET) processes to generate a metal oxyl species.m
Furthermore, metal oxyl species participate in nucleophilic
reactions with hydroxide molecules, creating peroxide and
superoxide intermediates via consecutive proton-electron
transfer reactions (Fig. 10). Here, OER is investigated in the
presence of two Cu-based catalysts that contain Cl (a) and OH
(b) functional groups.

Catalyst Int-1a is penta-coordinated with three sp® hybri-
dized N centers, one Cl and one OH, and the doublet state was
the most stable electronic state. In the first step of the reac-
tion, Int-1a was oxidized to Int-2a, followed by the PCET reac-
tion. After the oxidation of Int-1a, the Cu-OH bond distance
was increased from 1.87 to 2.15 A. The calculated potential for
the oxidation of Int-1a to Int-2a is —0.60 V (vs. SCE). The calcu-

—— o ————

Fig. 10 Spin density distribution of (a) Int-4a and (b) Int-4b.
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lated reaction energy for the oxidation reaction is 1.55 eV. In
the first PCET reaction, the formation of Int-3a from Int-2a
took place with a 1.31 eV free energy change. The oxyl inter-
mediate Int-3a further undergoes an OH addition reaction to
generate the hydroperoxide intermediate Int-4a (Fig. 10). The
Int-4a formation can proceed through the TS-1a with a [Cu-O]
bond distance of 1.88 A, whereas the O-OH (hydroperoxo)
bond distance is 2.37 A with a free energy barrier of 1.09 eV
(Fig. 11). The HOMO-LUMO distribution (Fig. S56) suggests
that the HOMO of Int-3a was primarily present at the ligand
center, and the LUMO was distributed around the Cu-O
bonds. During the reaction, hydroxide undergoes an addition
reaction with the metal oxyl complex Int-3a via single electron
transfer reaction (SET), where the LUMO of Int-3a interacts
with the HOMO of the OH group. The reaction was exothermic
with —2.48 eV reaction energy. Int-4a proceeds further for a
PCET reaction with 0.76 eV reaction energy in the next step.
The potential limiting step was identified as the most thermo-
dynamic energy-demanding step among all steps, and it is the
first reduction reaction (Int-1a to Int-2a) with 1.55 eV energy.

Considering the reaction by catalyst b in Fig. 12, two PCET
transfer reactions of Int-1b may either proceed through step-by-
step PCET reactions or simultaneous two PCET reactions at pH =
12 to generate Int-3b. In the stepwise reaction, the ligand OH
dissociation reaction had lower energy demand than the metal-
coordinated OH group, with respective reaction energies of 0.44
and 1.63 eV. The spin density distribution indicates (Fig. S57,
Table S20) that after the ligand OH dissociation, the spin density
was distributed adjacent to the aromatic ring, which may acceler-
ate the ligand OH dissociation. The metal oxyl complex Int-3b
reacts with hydroxide followed by reduction to generate Int-4b
with an energy barrier of 1.26 eV and a reaction energy of —2.28
eV (Fig. 12). Next, the metal hydroperoxide radical species Int-4b
was converted into Int-5b via a PCET reaction with a reaction
energy of —0.47 eV. The DFT calculation suggests that the for-
mation of Int-3b via the second PCET reaction was the potential
limiting step with 1.63 eV energy. The intermediates Int-5a and
Int-5b on nucleophilic attack by OH™, releases O, and reverts to
the Int-1a and Int-1b, respectively.

Therefore, in the presence of catalyst b, the OH bond dis-
sociation reaction in the second PCET reaction is the potential
limiting step. The mechanistic study also suggests that the
ligand-carrying OH group in catalyst b is redox non-innocent
and plays an important role by directly participating in the
reaction. The calculated energy barrier for some of the
reported Cu-based WOCs is provided in Table S21. The DFT
calculated results indicate that the activation barrier for the
specific peroxide formation step by catalyst a is lower than that
of catalyst b. However, the transition state TS-1a in the energy
profile diagram exists relatively higher than TS-1b. Here, both
thermodynamic reaction energy and kinetic barrier signifi-
cantly control the overall catalytic performance of the reaction.
The lower energy span associated with the TS-1b transition
state compared to TS-1a enhances the catalytic activity of cata-
lyst b. This computational finding aligns well with our experi-
mental observations.

This journal is © The Royal Society of Chemistry 2025
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(a) Catalytic cycle for the complete oxygen evolution reaction by catalyst b. (b) Energy profile diagram for catalyst b, where the blue path is

shown without the pH correction factor and the orange path is shown with the pH correction factor at pH = 12 (all values are in eV).

Conclusions

In summary, we have reported two highly active and robust Cu
complexes, [Cul] and [Cu2], supported on a redox-active
substituted terpyridine ligand framework, which efficiently oxi-
dizes H,O to O,. The complexes [Cul] and [Cu2] exhibit
an impressive TOF,,, value (from FOWA) of 10 x 10° s™" and
15 x 10 s7*, respectively. Both catalysts evolve oxygen under a
highly alkaline medium in 0.1 M phosphate buffer at

This journal is © The Royal Society of Chemistry 2025

pH = 12.0 with an overpotential of 780 mV for catalyst [Cu2]
and 830 mV for [Cul]. Experimental observation in FOWA
indicates that [Cu2] is a slightly better catalyst for the reaction.
The kinetic studies, catalytic Tafel plot, and faradaic efficiency
infer that complex [Cu2] acts as a slightly better catalyst in
comparison to [Cul]. Besides experimental studies, DFT
calculations affirm that both catalysts follow first-order kine-
tics, and therefore undergo water nucleophilic attack to liber-
ate O,.

Dalton Trans., 2025, 54,13894-13908 | 13905
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