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ABSTRACT: We report the atomistic and electronic details of the
mechanistic pathway of the oxygen−oxygen bond formation
catalyzed by a copper−2,2′-bipyridine complex. Density functional
theory-based molecular dynamics simulations and enhanced
sampling methods were employed for this study. The thermody-
namics and electronic structure of the oxygen−oxygen bond
formation are presented in this study by considering the cis-
bishydroxo, [CuIII(bpy)(OH)2]+, and cis-(hydroxo)oxo,
[CuIV(bpy)(OH)(�O)]+, complexes as active catalysts. In the
cis-bishydroxo complex, the hydroxide transfer requires a higher
kinetic barrier than the proton transfer process. In the case of
[CuIV(bpy)(OH)(�O)]+, the proton transfer requires a higher
free energy than the hydroxide one. The peroxide bond formation
is thermodynamically favorable for the [CuIV(bpy)(OH)(�O)]+ complex compared with the other. The hydroxide ion is
transferred to one of the Cu−OH moieties, and the proton is transferred to the solvent. The free energy barrier for this migration is
higher than that for the former transfer. From the analysis of molecular orbitals, it is found that the electron density is primarily
present on the water molecules near the active sites in the highest occupied molecular orbital (HOMO) state and lowest unoccupied
molecular orbital (LUMO) of the ligands. Natural bond orbital (NBO) analysis reveals the electron transfer process during the
oxygen−oxygen bond formation. The σ*Cu(dxz)−O(p) orbitals are involved in the oxygen−oxygen bond formation. During the
bond formation, three-electron two-centered (3e−−2C) bonds are observed in [CuIII(bpy)(OH)2]+ during the transfer of the
hydroxide before the formation of the oxygen−oxygen bond.

1. INTRODUCTION
Water splitting1,2 is one of the renewable processes for
producing hydrogen fuel, which can be used as an alternative
to fossil fuels. The electrons and protons generated during the
water oxidation process3,4 facilitate the hydrogen gas
generation,5,6 and the oxygen−oxygen bond formation is a
thermodynamically high energetic process.7,8 Researchers
developed concerned catalysts based on noble and earth-
abundant metals to catalyze this process; a blue dimer9 and
water oxidation catalysts (WOCs) based on ruthenium10,11

and iridium12,13 metals with good catalytic efficiency were
reported. Modifying the ligands14,15 can effectively decrease
the catalytic barrier. Along with iron tetramido macrocyclic
ligands,16 other catalysts with the iron metal17−20 were
reported for water oxidation. Inspired by the oxygen-evolving
complex in the photosystem-II, researchers also developed
WOCs based on manganese21−23 and cobalt.24−27 Moreover,
nickel28−31 and copper32−34 metal complexes showed promis-
ing results. Copper-based metal complexes35,36 also attracted
the researchers’ interest due to their high abundance and low
cost. Copper metal complexes with different ligands like
tetramido,37 amine−pyridine,33,38 and tetraaza macrocyclic
ligands39 were reported as WOCs, which were stable under

basic conditions. However, the difficulties in accessing the
higher oxidation states of the metal complexes lead to higher
overpotentials for the water oxidation process. There is a need
to find WOCs based on metal−ligand systems, which can
lower the overpotentials.

Understanding the mechanistic nature and the structural
screening properties will help develop better WOCs based on
the first-row transition-metal complexes.40 The oxygen−
oxygen bond formation41,42 is the most crucial energy-
demanding step, which occurs in two pathways. First, the
nucleophilic addition of the hydroxide or the water molecule to
the metal−oxo complex forms the peroxide complex. Another
one is the coupling of the two metal−oxo complexes, which
leads to the peroxide intermediate. A few studies42−44 explored
the different ways of oxygen−oxygen bond formation by the
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oxygen-evolving complex (OEC) in the photosystem-II to
understand the mechanistic nature of water oxidation. In most
computational studies,15,45−49 the water molecules’ effect on
the mechanistic process was studied through implicit solvent
models. To get the explicit effect of the water molecules, fully
solvated complexes are needed. Molecular dynamics simu-
lations were useful for predicting the solvent water molecules’
effect on the water oxidation process50−54 in an explicit
aqueous environment. Moreover, the free energy barriers for
the oxygen−oxygen bond formation were reported using the
thermodynamic integration method or by applying techniques
like metadynamics and blue moon methods.55 In these
processes, the conversion of the reactants to the products
happens in the same solvent environment through the
formation of the transition states. These molecular dynamics-
based studies can help to understand the dynamics of the
proton and hydroxide ions involved in the water oxidation
process.56,57

In the present study, we explore the oxygen−oxygen bond
formation by the copper complex with bipyridine ligand32 in a
fully explicit solvated environment. The metal complexes of
this ligand with ruthenium,58,59 iridium,60,61 and rhodium62,63

were employed as the catalysts in the small molecules’
activation and applications in energy conservation. The free
energy landscapes of the water oxidation process were
generated with first principles-based well-tempered metady-
namics (WT-MetaD) simulations. The oxygen−oxygen bond
formation process in the present metadynamics study was
explored by defining appropriate collective variables. In the
first-row transition-metal complex, the oxygen−oxygen bond
formation happens through the nucleophilic addition of the
water or hydroxide ion to the metal−oxyl complex. In copper
complexes, hydrogen peroxide formation is also possible by
reacting the hydroxide with the Cu−OH moiety. In this study,
we have investigated the reactivity of the oxygen−oxygen bond
formation step by the active catalytic complexes, [CuIII(bpy)-
(OH)2]+ and [CuIV(bpy)(OH)(�O)]+, as given in Figure 1.
The electronic orbital structures and kinetic effect of these
complexes concerning the water oxidation process are reported
in subsequent sections.

2. COMPUTATIONAL METHODS
The first-principles molecular dynamics (FPMD) simulations
were performed using the CP2K64 package with a Quickstep65

module at the Perdew−Burke−Ernzerhof (PBE)66 exchange−
correlation functional with Grimme’s D2 dispersion67

correction. All of the atoms were described by the DZVP-
MOLOPT-SR-GTH basis sets68 along with the GTH-PBE
pseudopotentials.69 The auxiliary plane-wave basis set with 400
Ry cutoff was used. The initial structures for the FPMD

simulations were obtained from the classically equilibrated
simulations. The details of this method are provided in the
Supporting Information. The input geometries for molecular
dynamics simulations were obtained from the optimized
bishydroxo-2,2′ bipyridine copper complex, [CuIII(bpy)-
(OH)2]

+ using Gaussian 0970 at the M06L71 level with the
SDD72 basis set for copper and 6-31G(d) for other elements.
The singlet state was found as the ground state. Analytical
frequency calculations were performed at the same level to
confirm the minimum structure with no imaginary frequency.
The minimum structure for the [CuIV (bpy)(OH)(O)]+

complex was also determined in the same manner. In this
case, the doublet state was the ground spinstate. The FPMD
simulations were first performed in the NVT ensemble for 2 ps
with an integration step of 0.5 fs to equilibrate the initial
geometries obtained from classical molecular dynamics
simulations. The average temperature was kept around 300
K with the help of a Nose−́Hoover thermostat.73,74 The size of
the cubic simulation box was determined from the NPT
simulations performed for 2 ps at 1 bar pressure and 300 K.
The length of the box is 15.81 Å (density = 1.08 gm cm−3) for
both the catalytic complexes 1 and 2. The simulation boxes for
the catalytic complexes are shown in Figure S1 of the
Supporting Information (SI). Subsequent equilibration for 2
ps at 300 K in the NVT ensemble provided the initial
structures for the WT-MetaD simulations.75,76

The sampling of free energy profiles for the oxygen−oxygen
bond formation by the complexes, shown in Figure 1, was
generated through the WT-MetaD method77 using
PLUMED78 implemented in CP2K. Three independent
walkers (for the same metadynamics bias potential) were
used to facilitate the sampling of oxygen−oxygen bond
formation by all of the complexes. The rigorous error analysis
by these three WT-MetaD samplings gives the standard
deviation and satisfactory simulation convergence. In WT-
MetaD, the bias deposition rate decreases throughout the
simulation. The reduction in the bias potential is achieved by
rescaling the Gaussian height according to eq 1.

V s t
T

T N s t
( , )

( , )
es s t V s t T

s s t
, ( ) ( , )/

, ( )=
+

= [ ]

(1)

The connection of the above equation with metadynamics is
evident by replacing the δs,s(t) term with a finite width
Gaussian. The height of the Gaussian is determined by

w e V s t T( , )/
G= [ ] (2)

where w is the height of the Gaussian, ω is the initial bias
deposition rate, and τG is the time interval at which Gaussians
were deposited. Finally, the free energy surface (FES) can be
estimated as

F s t
T T

T
V s tFES ( , ) ( , )= +

(3)

The employment of WT-MetaD avoids the risk of
overfilling. Another essential thing that influences good FES
is the selection of the collective variables (CVs). CVs are the
characteristic nature of the coordination number (CN),
representing the bond-making and -breaking events (here,
the oxygen−oxygen bond formation). These CNs of a specific
event can be modulated with proper CVs using the following
equation.

Figure 1. Active catalytic intermediates considered for oxygen−
oxygen bond formation.
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where dAB is the distance between atoms A and B, d0 is the
reference distance, and p and q are the constants. We provided
these parameters for each complex in the SI. Initially,
Gaussians with a height of 0.3 kcal mol−1 were added to the
bias potential. The bias factor (γ) of the WT-metaD was
appropriately selected to allow the proper sampling of the
required barrier. Also, quadratic restraining potentials were
employed along with the selected CVs. The restraining (or)
wall potentials enables the sampling a limiting space by
keeping the water molecule involved in oxygen−oxygen bond
formation near the reaction center (metal−hydroxo bond).
Apart from these dynamics and free energy calculations, we
generated the molecular orbitals in the presence of water
molecules to get each reaction state’s electronic nature. The
natural bond orbital (NBO)79 analysis was carried out for
reactant, product, and transition states involved in the oxygen−
oxygen bond formation. We selected these structures without
considering the water molecules from metadynamics simu-
lations. Later, generated NBOs for each state at the M06L/cc-
pVTZ80 level to understand the atomic orbitals involved in the
reaction and electronic transition during the oxygen−oxygen
bond formation by the complexes were studied in this work.
The electrophilic nature of the metal−oxo and hydroxo groups
was examined by the natural charges. Mulliken and Lowdin
spin moments computed along the WT-MetaD also address
the electronic and electrophilic nature of intermediates.

3. RESULTS AND DISCUSSION
The cis-bishydroxo (1) and cis-hydroxo(oxo) (2) complexes
were considered as the active intermediates to examine the
oxygen−oxygen bond formation by the copper−bipyridine
complexes. These complexes catalyze the water oxidation
process in the basic environment. The FES for the oxygen−
oxygen bond formed by these complexes was generated using
first-principles metadynamics simulations.

3.1. Oxygen−Oxygen Bond Formation by the cis-
Bishydroxo Copper Complex. The parent complex,
[CuII(bpy)(OH)2], is converted to [CuIII(bpy)(OH)2]+(1),
which is expected to be involved in the oxygen−oxygen bond
formation step. Figure 2 shows the solvated structure (1A) of
complex 1, indicating the collective variables (CVs). Two CVs
were used to generate the free energy profile for the oxygen−

oxygen bond formation. The reaction coordinate of the proton
transfers to the cis-hydroxo group is defined along CV1. CV2
represents the coordination number (CN), corresponding to
the oxygen−oxygen bond formation between the oxygen atoms
of the Cu−OaH and the water molecule (Oc). CV1 and CV2
keep track of the proton and hydroxide transfer, respectively.
Figure 3 shows the FES for the oxygen−oxygen bond

formation by complex 1. The parameters used for the
metadynamics simulations are given in Table S1. From 1A,
the proton transfers through the transition state 1TS1, and the
activation barrier for this proton transfer is 6.6 ± 0.15 kcal
mol−1. An intermediate 1I is formed after the proton transfer
and stabilized with the free energy of −13.0 ± 0.21 kcal mol−1.
Table S2 of SI gives the Mulliken, Lowdin, and natural charges.
During the proton migration, a considerable change in spin
moments is not observed because of the singlet state. After
splitting the water molecule, the hydroxide ion is transferred to
the oxygen (Ob) of the intermediate, leading to the formation
of the oxygen−oxygen bond. Figure 3 displays the formed
intermediates, transition states, and products. The transition
state 1TS2 is observed in the hydroxide ion transfer to the
Cu−Ob, leading to a peroxide bond. The oxygen−oxygen bond
distance in the product state (1B of Figure 3) is 1.76 Å. The
activation barrier for the hydroxide transfer is 20.75 ± 0.10
kcal mol−1. The change in free energy for the formation of 1B
is −0.96 ± 0.14 kcal mol−1. The proton transfer requires a
lower activation barrier than the hydroxide transfer.

3.2. Oxygen−Oxygen Bond Formation by the cis-
Hydroxo(oxo) Copper Complex. This section explores the
dynamics of the oxygen−oxygen bond formation by the cis-
hydroxo(oxo) complex, which is feasible under experimental
conditions. Figure 4 shows the solvated structures of the cis-
hydroxo(oxo) complex and the CVs selected to study the

Figure 2. Solvated structure of the [CuIII(bpy)(OH)2]+ (1) indicating
the collective variables for the proton and hydroxide transfer for the
oxygen−oxygen bond formation.

Figure 3. Free energy profile for the oxygen−oxygen bond formation
by the cis-bishydroxo copper complex. The structures of transition
states and other intermediates are also shown.
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oxygen−oxygen bond formation. The water molecule near the
reaction center was chosen to model the reaction. CV1 defines
the coordination number (CN) of the reaction coordinate for
the transfer of the proton to the Cu−OaH moiety of the
complex. The reaction coordinate related to the migration of
the hydroxide ion to the Cu−Ob moiety, in forming the
oxygen−oxygen bond, was defined with CV2.

Figure 5 shows the FES generated with the help of these
CVs for complex 2. The CV parameters applied for the

metadynamics simulations are tabulated in Table S3. From the
solvated minimum structure 2A, the proton and hydroxide ions
of the water molecule are transferred to the catalyst’s hydroxo
and oxo groups. The transition state 2TS1 is observed during
the simultaneous migration of the proton and hydroxide ion.
Figure 5 displays the intermediates, transition states, and
products formed in the oxygen−oxygen bond formation step.
The peroxide intermediate 1I is observed after the transfer of

the hydroxide to the Cu−Ob moiety. The activation barrier
required for the formation of this complex is 9.62 ± 0.44 kcal
mol−1 through the 2TS1. The formed complex is stabilized
with the free energy of 1.8 ± 0.30 kcal mol−1. The proton
transfers to the Cu−OaH group, leading to complex 2B. The
activation free energy of migration (14.13 ± 0.53 kcal mol−1) is
higher than the hydroxide transfer. The formed complex 2B is
stabilized with the free energy of −12.54 ± 0.49 kcal mol−1.
The Mulliken and Lowdin spin moments along the natural
charges of the atoms involved in the reaction are tabulated in
Table S4. The Lowdin spin moment on the oxygen atom Ob is
1.11, indicating the metal−oxygen bond in Cu−O•− rather
than the double bond character. The negative Lowdin spin (β-
spin is more) moment on the copper helps stabilize complex
2A. The natural charge on the Oc changes from −0.8481 to
−0.3338e, indicating the electron density transfer from the
water molecule to the catalyst. The Lowdin spin moment of
the copper metal changes from −0.04 to 0.65, so a single-
electron transfer happens during the nucleophilic addition of
the hydroxide ion.81 The electron density transferred to the
catalyst oxidizes the Cu−Ob moiety, further stabilized by the
proton’s transfer. Therefore, the product state 2B is more
stable than intermediate 2I.

Comparing the oxygen−oxygen bond formation by these
two complexes, the activation barriers were low for complex 2.
These reactions occur in the basic medium; the hydroxide ion
dynamics play a crucial role in forming oxygen−oxygen bonds.
The free energy for the transfer of hydroxide for all of these
complexes is lower than the previously reported first-row metal
complexes.45,48Figures S2 and S3 represent the variation of the
bond distances along with the CVs. The formed oxygen−
oxygen (HOb−OcH) bond in complex 1 is kinetically less
favorable than in complex 2. In the case of complex 2, the
migration of hydroxide ion occurs with a lower free energy
barrier than complex 1, for which, the hydroxide ion requires
higher free energy than the proton transfer. To find the effect
of the proton and hydroxide dynamics in the oxygen−oxygen
bond formation kinetics, we performed one more simulation
with complex 1. The proton from the water molecule is
transferred to one of the explicit water molecules instead of the
Cu−OH moiety. The hydroxide ion is transferred to the Cu−
ObH moiety. Table S5 represents the parameters of the two
CVs. Figure 6 shows the FES generated by using these two
CVs along with the minima and TS structures. 1′A of Figure
S6 is the solvated structure. The proton is transferred to the
oxygen atom (Od) of the explicit water molecule from this
structure. Proton transfer to the explicit water molecule results
in an intermediate 1′I (Figure 6), which contains hydronium
and hydroxide ions. The transferred hydroxide ion to the Cu−
ObH moiety forms the oxygen−oxygen bond leading to the
product state (1′B). The activation free energy values for the
proton transfer and hydroxide ion migration are 22.16 ± 0.8
and 24.5 ± 0.8 kcal mol−1, respectively. These values are higher
than the first type of mechanisms. The intermediate 1′I is
thermodynamically less stable than 1′B. The proton in solution
migrates due to other water molecules through the structural
diffusion. The migration of the proton and hydroxide ions
along the selected CVs is presented in Figure S4. The
activation barriers are higher than the earlier mechanism, in
which proton transfer occurs to the Cu−OH group. The spin
moments and NPA charges of the atoms during the oxygen−
oxygen bond formation are tabulated in Table S6 of the SI.
The spin moments of the copper and oxygen atoms suggest

Figure 4. Solvated first minima in the oxygen−oxygen bond
formation by the [CuIV(bpy)(OH)(�O)]+ (2) indicating the
collective variables for the proton and hydroxide transfer.

Figure 5. Free energy profile for the oxygen−oxygen bond formation
with the structures of transition states and other minima.
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that the unpaired electrons on metal and oxygen atoms are in
antiparallel spin states. The natural charge on the oxygen atom
Oc changes from −1.1262 to −0.7905e. At the same time, the
charge on Ob varies from −0.8285 to −0.9552e during the
hydroxide ion transfer. These changes indicate that electron
transfer happens during the oxygen−oxygen bond. Earlier, a
study based on copper−bipyridine reported that the process
was termed SET-WNA,81 where single-electron transfer
occurred during the nucleophilic addition of the hydroxide
ion. The free energy barrier is little higher in the case of the
explicit solvent. The authors computed free energy with
different density functional theory methods.

By comparing the dynamics of the hydroxide ion toward the
Cu−OH or Cu−O•−, it is found that the migration of the
hydroxide toward the copper−oxyl group is more favorable
than the copper−hydroxo group. Our simulations suggest that
the formation of cis-Cu−(O−OH)(OH) (2I) is kinetically
favored. The formed peroxide complexes, [Cu−(O−OH)-
(OH2)](2B) is more thermodynamically stable than [Cu−
(OH−OH)(OH2)](1B).

3.3. Molecular Orbitals and Electronic Transition
during the Oxygen−Oxygen Bond Formation. We
computed the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) for the
reactant and product states obtained in the above section to
find the nature of the electron transfer and properties of the
molecular orbitals in the aqueous environment and are shown
in Figure 7. The HOMO and LUMO of the product states are
given in Figure S5. In the HOMO of 1A, the molecular orbitals
are mainly distributed on the water molecules near the Cu−
(OH)2 moiety. These water molecules participate in the
oxygen−oxygen bond formation through nucleophilic addition.
In the LUMO of 1A, the molecular orbital charge is present
mainly on the complex but to a lesser extent in the solvent.
The HOMO−LUMO gap is 0.70 eV. The HOMO state is the
reactive state for the oxygen−oxygen bond formation. The
electron density is transferred to the complex in forming the
hydrogen peroxide complex (1B). In the HOMO of 1B
(Figure S5), the electronic charge is primarily present in the
solvent, and a small part is present in the hydrogen peroxide
bond. The HOMO of 2A contains the electronic density

mainly on the metal complex. A similar electronic distribution
is observed in the case of LUMO. The HOMO−LUMO gap is
0.92 eV. In the HOMO-3 of 2A (Figure S5) state, the water
molecules near the reaction center contain more electron
density. This state is 1.21 eV lower than the Fermi level. These
observations suggest that the water oxidation process proceeds
from this state. In 1′A, the electron density is distributed along
complex 1 in both HOMO and LUMO cases. The higher
electron density on the complex facilitates the proton transfer
to the explicit water molecule. The electron density is mainly
distributed on the metal center and the peroxide bonds in 1′B,
which helps stabilize the Cu−(OOH)(OH) groups. In
LUMO, the electron density is present on the formed
hydronium ion.

The natural bond orbitals (NBOs) for each state of the
reaction were computed to understand the particular orbitals
of the complex involved in the oxygen−oxygen bond

Figure 6. Free energy profile for the oxygen−oxygen bond formation by complex 1 by proton transfer to the explicit water molecule. The structures
of transition states and the minima structures are also presented.

Figure 7. HOMO and LUMO of the reactant states.
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formation. Figure 8 represents some of the essential NBOs
observed in complexes 1 and 2. These complexes are planar in
structure. In complex 1, the dxz and dxy orbitals of the copper
metal overlap with the pz and px orbitals of the hydroxide ion’s
oxygen, forming the σ(Cu−OH) bonds. The σ*dxz-pz orbital
of the Cu−OH moiety interacts with the σ*pz of the OH− to
form the oxygen−oxygen bond. During the migration of the
OH− to the Cu−OH, a three-electron two-centered (3e−−2C)
bond is observed at the transition state 1TS2. The 3e−−2C
bond leads to the formation of the σ(O−O) bond between two
hydroxide groups. This bond formation happens through the
transfer of a single electron from the hydroxide ion. This type
of mechanism is known as SET-WNA, as reported
previously.81Figure S6 represents some of the other NBOs
related to complexes 1 and 2. In the case of complex 2, the
Cu−Ob bond is formed by overlapping the dxy orbital of the
copper metal with the py orbital of the oxygen atom. A lone
pair with occupancy of nearly 0.6 is observed on the oxygen
atom (Ob). The Cu−O bond distance is 1.79, nearly equal to
the Cu−OaH bond distance. These parameters suggest that the
copper−oxo bond has no double bond character, but it is in
Cu−O•− nature. The dxz orbital of the copper metal overlaps
with the px orbital of the oxygen atom (OaH) from the Cu−
OaH bond. After proton transfer, the hydroxide ion and
formed aqua ligand are stabilized by a copper−oxygen bond.
The σ*(dxz-pz) of the Cu−O accepting the electron from the pz
orbital of the hydroxide ion forms the oxygen−oxygen bond.

4. CONCLUSIONS
This work explains the mechanistic and electronic details of the
oxygen−oxygen bond formation catalyzed by cis-bishydroxo
[CuIII(bpy)(OH)2]+ and cis-hydroxo(oxo) [CuIV(bpy)(OH)-
(�O)]+ copper−bipyridine complexes in this study. The free
energy profiles for the oxygen−oxygen bond formation by
these complexes were generated through the first-principles
metadynamics simulations. The well-tempered metadynamics
method was employed to study this process with two collective
variables (CVs). The free energy studies reveal that the
formation of the oxygen−oxygen bond is favorable for the
[Cu(bpy)(OH)(�O)]+. The spin moments change shows the
transfer process of the one-electron during the nucleophilic
addition of the hydroxide ion. The migration of the hydroxide
ion plays an essential role in the formation of the oxygen−

oxygen bond. The transfer of the hydroxide ion toward Cu−
OH requires a higher activation barrier than the transfer to
Cu−O•−. In the case of the products, the hydrogen peroxide
(Cu−(HO−OH)) is thermodynamically less stable than the
peroxide complex (Cu−(O−OH)). In the HOMO state, the
electron density is primarily present at the water molecules
near the active sites, while in LUMO, the electron density is
present on the ligands. The natural charges on the atoms
involved in the reaction give evidence for the hydroxide ion’s
nucleophilic addition to Cu−OH and Cu−O•− bonds. In both
complexes, σ*(Cu(dxz)−O(p)) orbitals are involved in the
oxygen−oxygen bond formation. In the bis-hydroxo complex,
the peroxide bond formation occurs through the formation of
the 3e−−2C bond, and the single-electron transfer process
happens during the nucleophilic addition of the hydroxide ion.
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