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The water oxidation reaction is the bottleneck problem of the artificial photosynthetic system. In this work,
the mechanism of water oxidation catalyzed by a mononuclear copper complex in alkaline conditions was
studied by density functional calculations. Firstly, a water molecule coordinating with the copper center of
the complex (Cu'", 1) generates Cu'-H,O (2). 2 undergoes two proton-coupled electron transfer processes
to produce intermediate (4). The oxidation process occurs mainly on the ligand moiety, and 4 (‘L-Cu"-0O")
can be described as a Cu" center interacting with a ligand radical antiferromagnetically and an oxyl radical
ferromagnetically. 4 is the active species that can trigger O—O bond formation via the water nucleophilic
attack mechanism. This process occurs in a step-wise manner. The attacking water transfers one of the
protons to the HPO42~ coupled with an electron transfer to the ligand radical, which generates
a transient OH" interacting with the oxyl radical and H,PO, . Then the O-0O bond is formed through the
direct coupling of the oxo radical and the OH radical. The triplet di-oxygen could be released after two
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Accepted 25th February 2023 oxidation processes. According to the Gibbs free energy diagram, the O-O bond formation was
suggested to be the rate-limiting step with a calculated total barrier of 19.5 kcal mol™t. More importantly,
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Introduction

Water splitting driven by sunlight stands out as one of the
promising tactics for solving the energy crisis. Water splitting
(eqn (1)) consists of a water oxidation reaction (eqn (2)) and
a proton reduction reaction (eqn (3)). The water oxidation lies at
the heart of the reaction since it is both thermodynamically and
kinetically demanding. Developing highly efficient, stable, and
economical water oxidation catalysts (WOCs) remains chal-
lenging. Heterogeneous WOCs have advantages in industrial
applications, while homogeneous WOCs are beneficial for
mechanism studies, such as possibly detectable intermediates
and controllable catalytic properties.' To date, WOCs based on
noble metals, such as Ru and Ir, show relatively high activities
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and stabilities, while their widespread applications on the scale
of industrialization are limited.*** Due to the low cost and high
earth abundance, copper-based complexes are good candidates
for catalyzing water oxidation. Great progress has been made
during the last few decades since the Mayer group reported the
first molecular Cu-based catalyst."'" Computational calcula-
tions are beneficial for detailed mechanistic investigations,
which can provide important insights for the design of water
oxidation catalysts.>**

2H,0 — 2H, + O, 1)
2H,0 — O, +4H" +4e” E° =123 Vvs. SHEat pH =0 (2)
4H" + 4¢~ — 2H, F° =0V vs. SHE at pH = 0 (3)

Among transition metal-based WOCs, Cu catalysts are
particularly interesting in terms of the O-O bond formation
process. Conventionally, H,O or OH™ nucleophilic attack (WNA,
Fig. 1a) on the formal Cu™=O0 through a single site mechanism
is proposed for most of Cu-WOCs.*****¢ Koepke and co-workers
revealed that the O-O bond could form via the redox isomeri-
zation mechanism for the bis(p-oxo) linkage di-copper catalyst
(Fig. 1b)*. The intramolecular coupling between the bridging
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oxo group and the terminal OH moiety was the most favorable
for the dinuclear copper complex (Fig. 1c)*®*. Mao and co-
workers reported that the copper-bound terminal oxyl radical
ligand and the adjacent oxyanion on the bipyridine group
trigger the O-O bond formation for the mononuclear copper
WOC with bipyridine ligands (Fig. 1d)*. In addition, the single
electron transfer-water nucleophilic attack (SET-WNA) mecha-
nism has been suggested to be more favorable for a series of
mono-copper catalysts and the tricopper-containing poly-
oxometalate (Fig. 1e)*****2, The O-O bond formation prefers the
unusual coupling of the bridging oxyl radical and the CO;™ " for
the bioinspired trinuclear copper catalyst (Fig. 1f)**. Recently,
the OH™ nucleophilic attack onto the "'L-Cu"-OH~ was calcu-
lated to be the most favorable scenario for the mononuclear
copper catalyst (Fig. 1g)*. Depending on the specific catalytic
environment, the specified O-O bond formation process is
normally decisive for catalytic efficiency.

Recently, Zhang and coworkers reported a copper complex
with a pentadentate amine-pyridine ligand (Scheme 1) that can
catalyze water oxidation in pH 11.0 phosphate buffer solution,
and a ke of 0.81 s~ ' was reported.* The experiment study
showed an overpotential of 831 mV. The stability of the catalyst
was examined by a controlled potential electrolysis experiment,
which suggested the copper complex remained stable over 3
hours.* In this work, the catalytic reaction mechanism was fully
calculated via density functional calculations. The redox non-
innocent role of the ligand was suggested. The most impor-
tant O-O bond formation step was investigated. The possible
WNA mechanism was studied and a step-wise mechanism was
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Scheme 1 Schematic representation of the copper-WOC.

proposed. The unique role of HPO,>~ in the working solution
was confirmed.

Computational details

All calculations were performed using Gaussian 16 program.**
The B3LYP* functional coupled with the Grimme D3 (ref. 46)
dispersion correction were used for the geometries optimiza-
tion in conjunction with the SMD continuum solvation model.*”
All atoms were described by def2-SVP basis set.*® Based on the
geometries optimization, analytical frequency calculations at
the same level of theory were performed to confirm the nature of
various species. The absence of the imaginary frequency was
used to verify that the structure is at the minimum. While only
one imaginary frequency is presented for the transition state.
The final energy was obtained via a single-point calculation with
a larger basis set of def2-TZVP.*®
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Fig.1 Proposed O-O bond formation mechanisms. (a) Water nucleophilic attack (WNA). (b) Redox isomerization. (c) Intramolecular coupling. (d)
Coupling of the oxyl radical ligand and the adjacent oxyanion. (e) Single electron transfer-water nucleophilic attack (SET-WNA). (f) Coupling of
the bridging oxyl radical and the COz~ radical. (g) OH™ nucleophilic attack.
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The eqn (4) is used to calculate the redox potential for
a reduction reaction.

0(aq) + ne” (g)——R(aq)

G(O7 aq) + neG(ei7 g) - G(R7 dq)
nk

Eor = — Esye (4)

where Eqr is the redox potential, AG is the Gibbs free energy
change of the reduction reaction, G(X, aq) is the free energy of
the X with the SMD solvation model in aqueous solution. 7, is
the number of the transferred electrons in the reduction reac-
tion, F is the Faraday constant.*® The absolute standard
hydrogen potential of 4.281 V (Esug) corresponding to an elec-
tron affinity of 98.7 keal mol™" from the experiment was taken
as a reference for the calculation of redox potentials.*’

AH(aq)—~">A"(aq) + H* (aq)

G(A77 aq) + G(H+7 aq) _ G(AH> aq) (5)
RTIn 10

pKa =
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The pK, values were calculated in order to determine the
protonation state of all possible intermediates, where eqn (5)
was used. The experimental solvation energy of
—264.0 kcal mol ™" of the H" was employed.* So the value of
—270.3 kecal mol ™" was used for the G(H", aq) when the statis-
tical gas-phase free energy of formation of H" of —6.3 kcal mol ™*
was added. For the calculations of solvation free energy for all
species in aqueous solution as defined as the free energy of
transfer of the solute from the gas phase (1 atm, 24.5 L mol ") to
the aqueous phase (1 M) at 298 K, a concentration correction of
1.9 keal mol ! (derived from RTIn(24.5)) at 298.15 K was added.
In the case of water, a correction value of 4.3 kcal mol ™ since it
has a standard state of 55.56 mol L™".

Results and discussion

The present work started from the geometry optimization of the
copper-based water oxidation catalyst (labeled as 1, Fig. 2). 1 has
a total charge of +2. In 1, nitrogen atoms from three pyridines
and two amide groups coordinate with the Cu" center. 1 has

Fig.2 Optimized structures of 1(Cu", doublet), 2 (Cu", doublet), 3 (Cu", triplet) and 4 (Cu", doublet). Selected distances are shown in Angstrom in
blue italic. Spin densities on selected atoms are presented in red. For clarity, non-important hydrogen atoms are not shown.
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a ground state of doublet state, where the spin density on the
copper center is 0.58, and the electron is partially delocalized to
the ligand. Before initiating the water oxidation process, one
water molecule has to bind with the Cu”, which generates 2
(Cu"-OH,, Fig. 2). This process is endergonic by 3.7 kcal mol .
In 2, the distance between the copper center and the water
oxygen is 2.04 A. The spin density on the Cu center is 0.62. The
coordination of water leads to the dissociation of two of the N
atoms, which suggests that the copper complex has to go
through a conformational change before initiate the water
oxidation. 2 is the starting point of the catalytic cycle (vide infra).

The oxidation of 2 is a proton-coupled electron transfer
(PCET) process, during which one of the protons of the water
ligand is released. This is consistent with the experimental
phenomenon that the first oxidation of the catalyst in phos-
phate buffer is pH-dependent, with a slope of 59.8 mV per pH
unit.*® This oxidation process leads to the generation of the
triplet 3 ("L-Cu"-OH, Fig. 2). The singlet lies at +3.6 kcal mol ™
above the ground triplet state. In 3, the Cu-O bond has
a distance of 1.92 A. The spin densities on the Cu center and
ligand were calculated to be 0.60 and 0.90, respectively. This
suggests that the first oxidation mainly occurs on the ligand
moiety. The electronic structure of 3 can be interpreted as
a divalent copper (Sc, = 1/2) center interacting ferromagneti-
cally with a ligand radical (Syigana = 1/2). The redox potential of
the PCET process was calculated to be 1.03 V. Taking the
applied potential of 1.41 V as a reference. This step is exergonic
by 8.8 keal mol " (Fig. 3). The pK, of 3y ("L-Cu"-H,0, Fig. S17)
was calculated to be 11.2, which is close to the working pH of 11.

kcal/mol
Reference potentail: 1.41 V

L* L L

|
cu'-H,0 cu'-0-

2 3 4

| /!
Cull-O»

Int0
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Therefore, it is difficult to determine whether 3 or 3, dominates
in the working conditions. The one-electron oxidation process
of 2 is also possible. The redox potential of an electron releasing
process is 1.02 V, which would compete with the PCET process.

Next, a subsequent PCET of 3 leads to the formation of 4 ("L-
Cu"-0’, Fig. 2) with an associated redox potential of 1.62 V. The
protonation state of 4 (4, 'L-Cu"-OH, Fig. S1t) has a pK, of
10.6. 4 is a doublet, and the quartet is only 0.39 kcal mol ™"
higher than the ground state. In 4, the spin densities on Cu,
ligand, and O are 0.57, —0.67, and 1.15, respectively (Fig. 2 and
3). According to the spin population, 4 can be described as a Cu"
(Scu = 1/2) center coupling to a ligand radical (Syigana = —1/2)
antiferromagnetically and an oxyl radical (So = 1/2) ferro-
magnetically. The distance of Cu-O in 4 is 1.89 A (Fig. 2). This
oxidation process is endergonic by 4.8 kcal mol™" with an
applied potential of 1.41 V (Fig. 3). The oxidation processes
from 2 to 4 occur mainly on the ligand moiety, which empha-
sizes the redox non-innocent role of the ligand.

The formal Cu"™ complex (4) was proposed to be the active
species to trigger the O-O bond formation, as suggested by
previous studies.>?**>** The water nucleophilic attack (WNA)
mechanism was investigated. The calculation results suggest
a step-wise mechanism when phosphate ion behaves as
a proton acceptor. Firstly, the proton of attacking water trans-
fers to the HPO,>~ ion coupled with an electron transfer via TS0
(Fig. 4). TSO prefers to be a quartet. The spin density on Cu, O1,
and O2 are 0.59, 1.60, and 0.43, respectively. During this PCET
process, a B electron of attacking water transfers to the ligand
radical. In TS0, the O2-H1 and O3-H1 distances were calculated

2
. HyPOy Int3
L)
Cu-O0H cu00. o,
Intl Int2 Int3

Fig. 3 Gibbs energy diagram of water oxidation catalyzed by the copper-based catalyst. Inset: the spin density populations of 4 (left) and TS1
(right) are shown. The left superscripts indicate the multiplicity of the ground state of specified species.
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Fig. 4 Optimized structures of TSO (quartet), IntO (quartet), TS1 (doublet), and Intl (doublet). Selected distances are shown in Angstrom in blue
italic. Spin densities on selected atoms are presented in red. For clarity, non-important hydrogen atoms are not shown. The imaginary
frequencies of TS0 and TS1 are 315.42i cm™ and 332.76i cm™, respectively.

to be 1.14 A and 1.29 A, respectively. The 01-O2 and Cu-O1
have distances of 2.14 A and 1.95 A, respectively. The only
imaginary frequency of 315.42i em™" corresponding to the
proton transfer to the HPO,*>~ confirms that it is a true transi-
tion state. The doublet TSO is 1.0 kcal mol " higher than the
quartet state. This PECT process leads to the quartet IntO
(Fig. 4). Int0 is 1.0 kcal mol ™" below the TS0. In Int0, the spin
densities on Cu, O1 and O2 are 0.58, 1.48 and 0.62, respectively,
which suggests a transient OH" interacting with the L-Cu"-O"
and the generated H,PO, . The O2-H1 and O3-H1 distances
are 1.57 A and 1.02 A, respectively. The doublet Int0 is
2.0 keal mol ™" higher. However, the electron evolution during
this process is slightly different for the doublet state. The
B electron of the attacking water may transfer firstly to the
copper center while the a electron from the Cu transfers to the
ligand (Fig. S2+) TS0 lies at +10.8 kcal mol " above the 4. (Fig. 3).

From Int0, the direct coupling of the oxo radical and the OH
radical at doublet via TS1 generates the hydro-peroxide inter-
mediate (Int1, Fig. 4). The opposite spins (0.84 on O1 and -0.74
on 02 in TS1) are required for the O-O bond formation. A spin
crossing from the quartet to the doublet is necessary for this
process. In TS1, the nascent O-O distance is 2.25 A. The spin
density on the copper center is 0.60. The optimized Cu-O
distance is 1.91 A. TS1 lies at +4.9 kecal mol~* above the Int0. For
the step-wise O-O bond formation process, the proton transfer

8356 | RSC Adv, 2023, 13, 8352-8359

requires a higher energy barrier than the hydroxide coupling
with the Cu-oxo, which is similar with the reported mono-
nuclear copper WOC.*>** Taking the energy penalty of the
formation of 4, the whole O-O bond formation process has
a total energy barrier of 19.5 kcal mol . Downhill from the TS1,
a hydro-peroxide intermediate (Int1, Fig. 4) was generated. Int1
is a doublet, in which the spin density on Cu and O1 are 0.58
and 0.18, respectively. Int1 is 32.3 kcal mol™" lower than the
TS1. In Int1, the O1-02 and Cu-O1 distances are 1.44 and 1.96
A, respectively.

The alternative situation for the O-O bond formation via the
WNA mechanism while the water molecule as a proton acceptor
was also investigated. The transition state (TS', Fig. 5) for this
pathway prefers to be a doublet. At TS', the 01-02’ has
a distance of 1.97 A. The leaving proton is at a distance of 1.02 A
from the 02/, while it is 1.56 A far away from the proton acceptor
oxygen (03). TS’ was confirmed to be a true transition state with
only an imaginary frequency of 755.42i cm ™' that corresponds
to the proton transfer to the second water and the O-O bond
formation concertedly. TS’ lies at +5.0 keal mol ™" above the TS1
(Fig. 3). Therefore, this pathway is less favorable in the working
conditions, which emphasizes that the buffer anion HPO,>~ ion
plays a very important role for the water oxidation. The
pronounced role of HPO,>~ ion is consistent with the experi-
mental study that the k., value is linear with the concentration

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optimized structures of TS' (doublet). Selected distances are
shown in Angstrom in blue italic. Spin densities on selected atoms are

presented in red. For clarity, non-important hydrogen atoms are not

shown. The imaginary frequency of TS' is 755.42i cm™™.

of HPO,>".* The deuterium kinetic isotope effect (kcatr,of
keatp20) for the WNA process assisted by was HPO,>~ calculated.
And the calculation gives a KIE value of 4.3, which is consistent
with the value of 2.1 from the KIE experiment.** This also
supports the proposed mechanism. For the O-O bond forma-
tion process, the present calculations suggest a step-wise WNA
scenario where the H atom released from the attacking water
firstly, then the O-O bond was formed via the direct coupling of
the OH radical and Cu-O’. This is different with a pathway in
Fig. 1 where water nucleophilic attack occurs in a concerted
way. HPO,>  assisted the O-O bond formation via WNA
mechanism was also suggested by reported Ni, Co and Ru-based
WOCs both by experimental and computational research, where
the role of buffer hydrogen phosphate anion was proven to
accept the proton during the O-O bond formation process via
WNA mechanism.?”5*%¢ Experimental studies like 0 isotope
labeling and radical indicator experiment or Ampliflu red
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titrant experiment for OH" experiment for testing OH" are useful
to verify our proposed mechanism.

Subsequently, a PCET of Intl affords to the triplet Int2
(Fig. 6). The singlet is 2.1 kcal mol~" higher than the ground
state. In Int2, the super-oxide group coordinates with the Cu"
center, which was suggested by the spin densities on the two
oxygen atoms (0.67 on O1 and 0.70 on O2). The 01-02 and Cu-
01 distances are 1.28 and 2.05 A, respectively. This step has
a redox potential of —0.02 V. Finally, another one-electron
oxidation process with a redox potential of 0.18 V prompts the
generation of the triplet dioxygen that is loosely connected to
the copper center (Int3, Fig. 6). In Int3, the spin densities on the
two oxygen atoms are 0.99 and 1.00, respectively. The Cu-O1
distance is 2.93 A. The triplet dioxygen can easily release from
the Int3 and then the second water coordination with the
copper center regenerate 2. 2 can reenter the next catalytic cycle
to catalyze water oxidation reaction.

Single-point calculations with B3LYP*-D3 (15% Hartree-
Fock exchange),”” PBE0-D3,*® and M06-D3,* were also carried
out to illustrate how sensitive the calculated redox potentials
and barriers are in terms of the choice of the different density
functionals. The results are shown in Table 1. The Gibbs energy

Table 1 Calculated redox potentials and barriers at different

functionals

Redox potential in Total barrier

\ in keal mol™*

3/2 4/3 WNA* WNA?
B3LYP-D3 1.03 1.62 19.5 24.5
B3LYP*-D3 0.99 1.58 15.8 15.6
PBEO-D3 1.01 1.57 19.1 27.3
MO06-D3 1.09 1.56 13.5 25.9

@ The HPO,*~ works as the proton acceptor. ” The water works as the
proton acceptor.

Fig.6 Optimized structures of Int2 (triplet) and Int3 (doublet). Selected distances are shown in Angstrom in blue italic. Spin densities on selected
atoms are presented in red. For clarity, non-important hydrogen atoms are not shown.
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Fig. 7 Proposed catalytic cycle for water oxidation catalyzed by the
copper complex. Inset: The O-O bond formation process is
described.

diagrams for catalytic cycle are shown Fig. S3-S5.f For all
functionals, calculated oxidation potentials for 2 (Cu"-OH,) to 3
(‘'L-Cu"-OH) and 3 to 4 ("L-Cu™-O") are around 1.0 Vand 1.6 V,
respectively. Importantly, the HPO,>~ assisted WNA mecha-
nism is energy favorable, which suggest the important role of
buffer HPO,>~ ion. While for the B3LYP*-D3 functional, these
two pathways have quantitatively similar barriers.

Conclusion

In the present work, density functional calculations were
employed to investigate the mechanism of water oxidation
catalyzed by a mononuclear copper water oxidation catalyst. As
shown in Fig. 7, the catalytic cycle starts after the coordination
of a water molecule with the copper center, which leads to the
generation of 2 (Cu"-OH,). After two PCET processes, the active
species (L*-Cu"-O", 4) was generated. The first oxidation process
mainly occurs on the ligand, while the second electron is
released from the OH moiety. So the redox non-innocent role of
the ligand is important for the catalytic process. 4 triggers the
0-0 bond formation via the water nucleophilic attack mecha-
nism, during which the HPO,>~ works as the proton acceptor.
The WNA first undergoes a PCET process, during which one of
the protons of attacking water transfers to the phosphate anion
coupled with an electron transfer. Then, the O-O bond forms
via the direct coupling between the oxo radical and the gener-
ated OH radical. This phosphate-assisted WNA mechanism has
a total barrier of 19.5 kcal mol™'. The alternative pathway of
solvent water accepting the H' to afford the O-O bond forma-
tion was calculated to be energy unfavorable. According to DFT
calculations, the strong ability of HPO,>~ to abstract a proton

8358 | RSC Adv, 2023, 13, 8352-8359
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from the attacking water to prompt the O-O bond formation
was emphasized. The WNA process leads to the hydro-peroxide
intermediate (Int1), from which the triplet di-oxygen can be
released after two oxidation processes.
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