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Abstract
The iron metal complexes containing cyclam-based macrocyclic ligands are active water oxidation catalysts, which can 
facilitate oxygen–oxygen bond formation during the water-splitting process. To understand the mechanism of the catalytic 
process, we explored this process by [Fe(cyclam)Cl2]Cl performing density functional theory-based first-principles calcu-
lations. We examined the energetics of the formation of the oxygen–oxygen bond through the investigation of complexes 
[FeV(cyclam)(O)2]+, and [FeV(cyclam)(OH)(O)]+2. The process of water nucleophilic addition by this FeV–(oxo) complexes 
was explored in detail. Our computational study confirms the formation of these species, which were reported earlier in 
experimental conditions. The transition states for various reactions of the catalytic cycle were obtained within the implicit 
water model. From these calculations, we find that the proton transfers to cis–oxo or hydroxide moiety require high activation 
energy during the formation of the oxygen–oxygen bond. Our calculations reveal that the oxygen–oxygen bond formation 
by the transfer of a proton to the explicit water molecule requires more activation free energy than the transfer of a proton to 
the cis–oxo or hydroxide of the FeV–oxo species. Overall [FeV(cyclam)(O)2]+ and [FeV(cyclam)(OH)(O)]+2 species with one 
explicit water molecule requires similar free energy. The Mulliken spin density data confirm the formation of the superoxide 
complexes. The activation free energy for the release of the oxygen molecule is lesser than that of the oxygen–oxygen bond 
formation. The natural bond orbital analysis for the complexes before and after the formation of the oxygen–oxygen bond 
formation shows that this bond formation happens through the interaction of antibonding orbital, π*(dx

2 −y
2 –2py) of Fe=O 

moiety, with the σ*–orbital of the hydroxide group of the water molecule.
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1  Introduction

The generation of fuels from the artificial photosynthesis 
process is one of the alternatives to fossil fuels to overcome 
major problems like the greenhouse effect [1, 2] and energy 
crisis [3]. In this process, the solar energy is accumulated 
in the form of chemical bonds by splitting the water mol-
ecule [4–7] into oxygen and hydrogen. The formed hydro-
gen can be used directly as a fuel or converted into another 

carbon-based fuel like methanol. In nature, the photosyn-
thetic process converts carbon dioxide into carbohydrates 
through the use of solar energy and liberates oxygen. In Pho-
tosystem-II, P680 facilitates the transfer of electrons to the 
system, where carbon dioxide is reduced [8]. The oxidized 
P680 abstracted the four electrons from the Mn4Ca cluster. 
After the transfer of four electrons, the Mn4Ca cluster oxi-
dizes the two moles of water into oxygen. The reaction pro-
ceeds through five oxidation states (S0–S4) by the creation 
of four oxidizing equivalents on the cluster during the water 
oxidation process. In this cycle, the S0 state represents the 
most reduced, and the S4 state is the most oxidized, and oxy-
gen is released during the conversion of S4 to S0 state. [9] In 
contrast to natural photosynthesis, artificial photosynthetic 
catalysts oxidize water into chemical fuels like hydrogen. 
But, the formation of the oxygen–oxygen bond is a relatively 
high energetic barrier [7] process. An in-depth investigation 
of the mechanistic study of the complete catalytic cycle is 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0021​4-020-02664​-2) contains 
supplementary material, which is available to authorized users.

 *	 Bhabani S. Mallik 
	 bhabani@chy.iith.ac.in

1	 Department of Chemistry, Indian Institute of Technology 
Hyderabad, Sangareddy, Telangana 502285, India

http://orcid.org/0000-0003-4541-8796
http://orcid.org/0000-0001-9657-1497
http://crossmark.crossref.org/dialog/?doi=10.1007/s00214-020-02664-2&domain=pdf
https://doi.org/10.1007/s00214-020-02664-2


	 Theoretical Chemistry Accounts (2020) 139:161

1 3

161  Page 2 of 14

needed to understand this process. Molecular catalysts [10] 
have more advantages than metal oxides due to their ease 
of modification by chemical synthesis and able to incorpo-
rate into molecular assemblies for energy conversion sys-
tems. Bluedimmer (cis, cis-[(bpy)2(H2O)Ru(μ-O) Ru(H2O) 
(bpy)2]4−) [11, 12] is the first water oxidation catalyst 
(WOC) prepared by Meyer group. Later, many water oxida-
tion catalysts of Ru [13–16] and Ir [17–21] were reported 
based on single and binuclear metal sites. The group of Tum-
mel reported the single-site Ru [22]-based water oxidation 
catalyst with evidence of four-electron oxidation of water. 
Maji et al. [23] reported the single-site water catalyst based 
on Ru and explained about the effects of the hydrogen bond 
on the water oxidation process. These artificial molecular 
catalysts operate with a high turnover number (TON) under 
homogenous conditions [24], but limited abundance in the 
earth’s crust and toxicity restrict them from being used on 
a large scale.

In order to make the water oxidation process viable, sci-
entists developed earth-abundant first-row transition metals 
and especially iron-based WOCs. Collins and Bernhard [25] 
reported the iron-tetra amido macrocyclic ligand [TAMLs] 
complexes as the water oxidation catalysts; these complexes 
have a low turnover number (nearly 15), and Cramer group 
[26] studied the computational aspects of Fe-TAMLs. Fillol 
et al. [27] reported a large family of iron-based water oxida-
tion systems and observed that those catalysts, which contain 
neutral tetradentate nitrogen-based ligands, and hydroxide 
group on the cis position was active toward water oxida-
tion. Later, the same group studied the mechanism of WOCs 
computationally [28, 29]. Other iron-based catalysts were 
also reported for the purpose [30–32]. Nocera et al. [33] 
reported the cobalt hangman corrole complexes with meso-
pentafluorophenyl substituents as the water oxidation cata-
lyst. Rai Cao et al. [34, 35] reported the cobalt corroles as 
the catalysts for the oxygen evolution from the neutral aque-
ous solution. When phosphoric acid pendants substituted 
to these corroles, they facilitate both oxygen and hydrogen 
evolution reactions in the neutral aqueous solution. From 
the mechanistic study [36], it was observed that the carboxyl 
group in the second coordination sphere increased the cata-
lytic activity of corroles. Not only iron [37, 38] and cobalt 
[33, 35, 39] but also other earth-abundant metals like man-
ganese [24, 40–43] and nickel [44–46] containing complexes 
were also reported as the water oxidation catalysts.

Understanding the mechanistic nature of the existing 
catalyst through computationally is necessary for finding a 
better incentive for the water oxidation process. Primarily, 
the water oxidation process is carried by the addition of a 
water molecule as the nucleophile to the metal-oxo center 
in the single metal site complexes. DFT-based computa-
tional studies [30, 39, 47–51] can provide detailed catalytic 
cycle, redox potentials and nature of every oxidation state 

complementary to the experimental results. Many mecha-
nistic questions like energies of intermediates and transi-
tion state structures can be answered through the quantum 
chemical calculations. Few studies were reported on the 
water oxidation process of the metal complex with explicit 
water molecules [36, 52–55]. Fillol et al. [28] studied the 
oxygen–oxygen bond formation with single and four explicit 
water molecules in two mechanistic pathways, and the 
results promote the internal base assistance of mechanism. 
The assessment of all the reactive processes involved in the 
water oxidation process requires a task that is difficult to 
accomplish to obtain a detailed understanding. Few of the 
goals were achieved by first-principles molecular metady-
namics simulations [56], where we also studied the effect 
of the explicit water molecules on the mechanistic steps 
involved. This approach would require several trajectories 
and a high level of calculations leading to an expensive 
computational cost. The dynamical path can be evolved by 
identifying the stationary points from the minimum energy 
coordinate obtained from first-principles electronic structure 
calculations, which allow estimation of a variety of physico-
chemical parameters, comparable with experimental data.

In this study, we investigate the water oxidation process 
of the cyclam-based ligand with the iron metal center with 
single and four explicit water molecules within the M06L 
level of DFT, to compare with the results obtained from 
the more computationally demanding methods using the 
explicit water molecules. Some of these type ligands with 
the iron metal center were reported as the water oxidation 
catalysts in the presence of sacrificial oxidants like NaIO4 or 
NaClO4 at the moderate pH value. Due to terminal hydrogen 
atoms, the catalysts are readily deactivated in the presence 
of cerium ammonium nitrate (pH 1) under harsh conditions 
of the water oxidation process. If the terminal hydrogen 
atoms of cyclam ligands are converted to methyl groups, 
the water oxidation capability increases tremendously. Tai-
Chu Lau and co-workers studied the water oxidation of iron-
based cross-bridged cyclam [57] ligand complexes. Kastrup 
et al. explored the water oxidation of these complexes as 
the electrocatalysts [58, 59]. Both studies reported that the 
water oxidation process occurs via Iron(V)–oxo species. 
Using UV/Vis data and ESI/MS results of bridged cyclam-
Fe complexes in the water oxidation process, the authors 
found Fe(IV)-oxo species as the stable and dominated spe-
cies, but these species are not involving in the water oxida-
tion process. The Fe(V)=O species are readily involved in 
the water oxidation and dioxygen reduction process [60]. 
These high valance Fe complexes with other ligands are 
identified [61, 62] through the mass spectroscopy. To find 
the atomistic details of the mechanism and the involvement 
of Fe-bisoxo ([FeV(cyclam)(O)2]+) or Fe-oxo-hydroxide 
complex ([FeV(cyclam)(O) (OH)]2+) in the water oxida-
tion process, we performed DFT calculations considering 
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iron dichloro-1,4,8,11–tetraazacyclotetradecane (cis-[Fe 
(cyclam)Cl2] Cl) [1] as the catalytic entity.

2 � Computational methods

All the structures involved in the water oxidation catalytic 
process were optimized at the M06L [63] level using Gauss-
ian09 [64] program. Double-zeta basis set SDD [65] was 
used for the iron and 6-31G(d,p) [66] for all other atoms. 
All the calculations were carried in an unrestricted man-
ner and considered possible spin multiplicities for all the 
systems. The spin annihilation was rectified due to the spin 
contamination through quadratic convergence. The change 
in values of S2 after the annihilation are around 1.5% as 
compared to earlier state. The effects of solvent were com-
puted using the self-consistent reaction field method based 
on the polarizable conductor model. [67] We used water as 
a solvent (dielectric constant, ε = 78.35). When the reactions 
were carried out in the water medium, the solvent shows a 
more significant effect on reactivity. Truhlar and co-workers 
found a sufficient difference in Gibb’s free energy calcula-
tions with and without optimization in the PCM model [68]. 
The saddle points in the gas and liquid phases are also differ-
ent. Therefore, we carried both optimization and frequency 
calculations in the implicit solvent phase at an M06L elec-
tronic method level. The saddle points of all the structures 
were confirmed with no imaginary frequency, and transition 
states were identified with only one imaginary frequency. 
The single-point electronic energies were calculated with 
CC-pVTZ dunning basis set [69] for all atoms at the M06l 
level. The free energy corrections (Gcorr) to the gas-phase 
calculations were taken from the frequency calculations 
at M06L/6-31G(d,p) (SDD for Fe) level on the optimized 
structure in the solvent phase (CPCM). All the free energies 
in solution were calculated as standard state of an ideal gas 
at a gas-phase concentration of 1 mol L−1 dissolving as an 
ideal dilute solution at a liquid phase concentration of 1 mol 
L−1. For water, 55.6 M standard was employed [70]. For con-
version of free energy from standard state gas–phase pres-
sure of 1 atm to a standard state gas-phase concentration of 
1 M, ΔG0/* was added along with the previous corrections. 
The values of ΔG0/* at 298 K are 1.9 and 4.3 kcal mol−1 for 
1 M standard state solute and 55.6 M standard state water, 
respectively. The total Gibbs free energy was calculated as

The transition state was determined by using the 
Synchronous Transit-Guided Quasi-Newton method 
(QST2) [71] without guessing and confirmed by the IRC 

G = Ecc-pVTZ + Gcorr + ΔGSolv + ΔG0∕∗

calculations. The change in free energy was calculated by 
taking the difference between the free energy of products 
and the reactants.

The redox potential [72] was computed using a ther-
mochemical cycle

where F is the Faraday’s constant and ΔG0
sol

 is the free 
energy difference between reduced and oxidized species. In 
the present study, ΔG0

sol
 was calculated by adding the sol-

vation free energy difference (∆∆Gsol) to the free energy 
change in the gas phase, ∆Ggas. The obtained value was cor-
rected with respect to standard hydrogen electrode potential 
(− 4.24 eV). [73] Which is free energy change based on the 
Boltzmann statistics for the electron. The values of reduc-
tion potential are converted to experimental pH (= 7) value 
by using the Nernst equation.

We computed the pKa for an acid–base equilibrium in 
solution.

By using the thermochemical cycle [74] which was 
described earlier

where

where ΔG0
aq
= ΔG0

g
+ ΔG0

sol
.

The free energy of solvation of a proton [73] taken as 
− 265.9 kcal mol−1, and a small gas-phase free energy cor-
rection of the proton taken as − 6.3 kcal mol−1

The transition state in the oxygen release was com-
puted through the analysis of potential energy surface by 
the scanning of variation of energy with the change in 
iron-water and iron-dioxygen bonds. Natural bond orbital 
(NBO) [75] analysis was carried for [Fe(cyclam)(O)2]+ 
and [Fe(cyclam)(O)(OH)]+2 in order to predict nature of 
the orbitals involved in the oxygen–oxygen bond forma-
tion by using NBO 3.0 [75] implemented in Gaussian pro-
gram. All the energies reported are free energies until we 
mention separately. The spin multiplicities are shown on 
superscript of the particular catalytic intermediate.
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3 � Results and discussion

First, we explored the possibility of formation of 
[FeV(cyclam)(O)2]+ and [FeV(cyclam)(O)(OH)]2+ com-
plexes from the parent catalyst. Scheme  1 shows the 
conversion of [FeIII(cyclam)(H2O)2]3+to the Fe–oxo spe-
cies. We evaluated the values of redox potentials and the 
pKa according to Scheme 1 at the pH 7. The formation 
of [FeIV(cyclam)(H2O)(O)]2+ through [FeIII(cyclam)
(H2O)2]3+ by the two-proton-electron process requires the 
redox potential of 0.34 V. [FeIV(cyclam)(O)(OH2)]2+ is 
converted to [FeIV(cyclam)(O)(OH)]+ with loss of a pro-
ton, with a pKa value of 4.2 log units. From [FeIV(cyclam)
(O)(OH)] +, [FeV(cyclam)(O)2] + is formed through PCET 
with a computed potential of 1.02 V. [FeV(cyclam)(O)
(OH)]2+ is obtained from the [FeIV(cyclam)(O) (H2O)]2+ 
with a redox potential of 1.52 V, and the earlier reported 
FeV-bisoxo complex is formed from [FeV(cyclam)(O)(OH)] 
+2 with a pKa value of 8.2 log units. The computed val-
ues of redox potentials correlate with the values obtained 
from experiments in the presence of sodium perchlorate 
or sodium periodate (considering 1.60 V vs. NHE). The 
computed values give evidence of the formation of FeV=O 
species. From the experimental observations, the evolu-
tion of oxygen was recorded at 1.8 V, which was higher 
than that of Fe+3/Fe+4 (1.6 V vs. RHE). The results sug-
gest that the +V oxidation state of Fe is required for the 
process. Some of the previous studies [60–62, 76] also 
suggested the formation of the FeV=O complexes, and the 

complexes were identified experimentally. Furthermore, 
we studied the nature of oxygen–oxygen bond formation 
through the [FeV(cyclam)(O)(OH)]2+ and [FeV(cyclam)
(O)2]+ species and the release of oxygen through a sim-
ple DFT-based thermodynamics for the catalytic cycles 
proposed in Schemes. In the catalytic cycle presented in 
Scheme 2a, the FeV–bisoxo complex (aoxo) considered as 
the active catalytic species for the oxygen–oxygen bond 
formation. Scheme 2b represents the catalytic cycle with 
[FeV(cyclam)(O) (OH)]2+(aOH) as an active catalytic spe-
cies. For both catalytic cycles, we studied thermodynamics 
and kinetics of the oxygen–oxygen bond formation and 
release of the oxygen.

3.1 � Mechanism of water oxidation

3.1.1 � Oxygen–oxygen bond formation through [Fe(cyclam)
(O)2]+ with a single explicit water molecule

The calculated values of redox potential and pKa of 
Scheme 1 confirm the formation of the catalytic active 
complex (aoxo) [FeV(cyclam)(O)2]+. The formation of the 
oxygen–oxygen bond was studied in two possible ways. 
First, we considered a single explicit water molecule. The 
bond formed with assistance one of the oxo group of the aoxo 
complex through a hydrogen bond. Secondly, we consid-
ered the transfer of hydrogen of a water molecule to another 
explicit water molecule. The quartet state of the aoxo complex 
with one explicit water molecule is the ground state, which 
suggests that the iron with + 5 oxidation was stable with 

Scheme 1   The formation of 
high valent [FeV(cyclam)(O)2]+ 
and [FeV(cyclam)(OH)(O)]2+ 
through proton-coupled electron 
transfer process
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an electronic configuration of t3
2g and eg

0. Sextet and dou-
blet states are the next higher energy spin states with 12.36 
and 18.13 kcal mol−1, respectively. Figure 1a shows the 
free energy profile for the oxygen–oxygen bond formation, 
along with structures of reactant, transition state and prod-
uct. The two oxygen atoms of aoxo complex form hydrogen 
bonds with the hydrogens atom, and the terminal hydrogen 

(of nitrogen) of the complex forms hydrogen bond with the 
oxygen atom of the water molecules. The length of both 
the iron-oxygen (Fe=O) bonds of aoxo complex is 1.66 Å. 
The oxygen–oxygen bond results through a transition state 
(TSoxo), which was computed through the QST2 method 
and confirmed by the IRC calculations. From the IRC curve 
(Fig. 1b), it is observed that one of the two hydrogen bonds 

Scheme 2   a Catalytic cycle for 
oxygen–oxygen bond formation 
and release of oxygen through 
[FeV(cyclam)(O)2]+ (aoxo) as 
the starting one, b catalytic 
cycle for oxygen–oxygen bond 
formation and release of oxygen 
through [FeV(cyclam)(OH)
(O)]+2 (aOH) as the starting one
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of the water with the two oxygen atoms is broken, and the 
corresponding water molecule orients itself to accommodate 
the change. The hydrogen-bonded hydrogen transfers to the 
oxo group of the aoxo complex, and subsequently, the hydrox-
ide migrates to the Fe=O moiety forming the oxygen–oxy-
gen bond. Table 1 represents the spin densities of the atoms 
involved in the reaction, along with the bond lengths. The 
spin density of iron metal increases to 3.0662 from 1.9727 
in the case of the transition state. The spin density on the 
oxygen atoms decreases to 0.2844 and − 0.1536. The change 
in spin density values suggests that the addition of water 
molecule takes place as a nucleophile to the complex aoxo 
forming [FeIII(cyclam)(OOH)(OH)] + (boxo) complex. The 
spin density of iron decreases to 2.7653. From spin density 

values of oxygen atoms, it observed that the oxygen–oxy-
gen bond is formed by the antiferromagnetic coupling of 
the oxo group with the hydroxide of the water molecule. 
The obtained complex, boxo, has sextet state as the ground 
state; quartet and doublet states are next higher energy spin 
states. The oxygen–oxygen bond length is 1.46 Å, and Fe–O 
oxygen bond length for iron peroxide is 1.84 Å. The activa-
tion free energy for the formation of oxygen–oxygen bond 
through the quartet state of the complex aoxo is lower than 
the sextet and doublet state. The minimum activation energy 
value required for the formation of the thermodynamically 
favored bond is 23.82 kcal mol−1, which is lesser than that 
of the previously reported value [26] based on the iron metal 
complexes.

Fig. 1   a Free energy profile for oxygen–oxygen bond formation 
through [FeV(cyclam)(O)2]+ as the starting one, the free energies are 
reported relative to the quartet state of the complex [FeV(cyclam)
(O)2]+. The multiplicity of each complex was shown on the super-
script. b IRC path for oxygen–oxygen bond formation in the presence 
of a single explicit water molecule. Carried at M06L/SDD for Fe/6-
31G(d,p) for other in CPCM (solvent model) [FeV(cyclam) (O)2]+ 
as the starting one with one explicit water molecule. c Free energy 

profile for oxygen–oxygen bond formation through [FeV(cyclam)
(O)2]+ as the starting one in the presence of four explicit water mol-
ecule, the proton of one of the water molecule transfers to explicit 
water molecule. d Free energy profile for oxygen–oxygen bond for-
mation through [FeV(cyclam)(O)(OH)]2+ as the starting one, the 
free energies are reported relative to the quartet state of the complex 
[FeV(cyclam)(O)(OH)]2+. The multiplicity of each complex is shown 
as the superscript
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3.1.2 � Oxygen–oxygen bond formation through [Fe(cyclam)
(O)2]+ with four explicit water molecule

In this section, we explore the mechanism of formation of the 
oxygen–oxygen bond by the transfer of a proton to one of the 
explicit water molecules. This type of mechanism requires 
at least four explicit water molecules to stabilize the formed 
hydronium ion through hydrogen-bonding. We considered 
four explicit water molecules present around the reaction 
center of the bisoxo complex [[Fe(cyclam)(O)2]+ + 4H2O] 
(aOXO-4H2O). Figure 1c shows the free energy profile. The 
direct comparison of the energetics of different predicted 
spin states cannot be compared with any available experi-
ments due to lack of relevant results; however, the involve-
ment of intersystem crossing at the transition state that will 
allow the change of the spin state cannot be ruled out. The 
quartet state of the complex (aOXO-4H2O) is the ground 
state as compared to sextet and doublet states having next 
higher energy values of 7.64 and 18.83 kcal mol−1, respec-
tively. One of the water molecules close to the oxo group 
of the complex (aOXO-4H2O) facilitates the transfer of the 
proton to another explicit water molecule forming a transi-
tion state complex (TSOXO-4H2O). The ground state of this 
complex is the quartet spin state having the free energy of 
50.60 kcal mol−1. The transmitted proton to the water mol-
ecule forms the hydronium ion. The hydroxide is moved 
to the Fe–O moiety leading to the formation of the oxy-
gen–oxygen bond in the transition state (TS2 OXO-4H2O), and 
the spin density changes from 2.0145 to 3.0237 for iron. 
Table S1 of SI gives the spin density data; it informs that 
the electron density transfers to the Fe–O moiety. The Gibbs 
free energy barrier for the formation of TS2OXO–4H2O is 

65.17 kcal mol−1 for the sextet state. For the formation of 
the doublet and quartet states of the TS2OXO–4H2O requires 
higher energy than the sextet state. The formed hydronium 
ion stabilizes by the hydrogen bond network formed by the 
other explicit water molecules and oxygen atoms of Fe–oxo-
peroxide complex.

3.1.3 � Oxygen–oxygen bond formation through [Fe(cyclam)
(O)(OH)]+2 with a single explicit water molecule

From the values of redox potentials and pKa of Scheme 1, 
the possibility of the formation of [FeV(cyclam)(O)(OH)]+2 
is confirmed. Spectroscopically evidence of FeIV-oxo spe-
cies reported in some of the experimental studies [28, 57] 
based on water oxidation. These species can be converted 
to FeV-(O)(OH) by the proton-coupled electron transfer 
process. We studied the mechanism of formation of oxy-
gen–oxygen bond in the presence of one single explicit 
water molecule with the assistance of cis–OH as an inter-
nal base. However, in the presence of four explicit water 
molecules, the hydrogen transfers to one of the water mol-
ecules instead of cis–OH. From the scheme 1, the forma-
tion of [FeV(cyclam)(O)(OH)]+2 complex is possible under 
catalytic conditions. When this complex is optimized with 
one explicit water molecule, the hydrogen of the water mol-
ecule forms the hydrogen bond with the hydroxide group 
of the compound, which leads to a water adduct complex 
[FeV(cyclam) (O)(OH)]+2 (H2O) (aOH). Figure 1d shows a 
change in free energies relative to the 4aOH, along with rela-
tive energies of the spin states. The quartet state of the com-
plex is the ground state. Sextet and doublet states are the next 
higher energy states with 3.50 and 11.40 kcal mol−1 than the 
quartet state, respectively. The complex aOH is converted 
to a hydroperoxide complex [FeIII(cyclam)(OOH)(OH2)]+2 
(bOH) through the transition state with the formation of an 
oxygen–oxygen bond. The transition state for this conversion 
was computed through the QST2 method and confirmed by 
the IRC. By careful observation of the IRC curve (Figure 
S2 of SI), we find that first, the hydrogen atom of the water 
molecule is transferred to the cis–hydroxide moiety; later, 
the hydroxide migrates toward the oxygen atom of the Fe=O 
group. The formed transition state through the quartet state 
of complex aOH is less energetic than the sextet and doublet 
states. Table S2 provides spin densities and varying bond 
lengths. The spin density of the iron metal center increases 
from 2.1340 to 2.8172; however, the Mulliken spin density 
on oxygen atom OB is decreasing to 0.0723 (TSOH) from 
0.2092 (aOH), which suggests the generation of the electro-
philic nature at the oxygen atom OB. Later the hydroxide 
of the water molecule is transferred to Fe-OB moiety as a 
nucleophile and forms the oxygen–oxygen bond. The dis-
tance between OB and OC of the water in the transition state 
decreases to 2.06 from 3.05 Å, further decreases to 1.46 Å, 

Table 1   Mulliken spin densities of selected atoms and bond dis-
tances, in the formation of oxygen–oxygen bond through the 
[FeV(cyclam) (O)2]+ with quartet multiplicity

Complex 4aoxo Transition 
states (4TSoxo)

Complex 4boxo

ρ (Fe) 1.9727 3.0662 2.7653
ρ (OA) 0.5113 0.2844 0.0709
ρ (OB) 0.5482 − 0.1536 0.4082
ρ (OC) 0.0129 − 0.4347 − 0.0276
d (Fe–OA) Å 1.66 1.73 1.84
d (Fe–OB) Å 1.66 1.68 1.84
d (OB–OC) Å 2.84 2.17 1.46



	 Theoretical Chemistry Accounts (2020) 139:161

1 3

161  Page 8 of 14

and forms the oxygen–oxygen bond. The spin density val-
ues of the oxygen atom, OB, and OC are shown in Table S2. 
The oxygen atoms are observed to be antiferromagnetically 
coupled with each other in the formation of the bond. The 
formed complex bOH has a sextet state as the ground state, 
which has a free energy of 1.95 kcal mol−1 relative to 4aOH. 
The quartet and doublet states of the bOH are the next higher 
energy spin states with 20.53 and 10.30 kcal mol−1, respec-
tively. After the formation of the transition state, the spin 
crossover is observed. The activation free energy for the 
formation of the O–O bond, through the 4aOH complex via 
transition state (4TSOH), is the minimum barrier. The free 
energy barrier for this conversion is 24.90 kcal mol−1. The 
free energy for this event through the sextet and doublet 
states of the complex aOH requires higher energy than the 
quartet state. The formed transition state 4TSOH is the TOF 
determining transition state (TDTS) [77]. The free energy of 
the formation of oxygen–oxygen bond through cis–OH com-
plex (4aOH) has nearly equal to the bisoxo (4aoxo) complex, 
which suggests that the oxygen–oxygen bond formation with 
aOH is thermodynamically favorable.

3.1.4 � Oxygen–oxygen bond formation through [Fe(cyclam)
(O)(OH)]+2 with four explicit water molecule

To explore the effects of solvents on the formation of the 
oxygen–oxygen bond, we considered four water molecules 
around the reaction center. In this mechanism, the transfer 
of hydrogen of a water molecule to another water molecule 
forms the hydronium ion. The explicit water molecules sta-
bilize the formed hydronium ion with the hydrogen bond 
network. For this, we took four water molecules around the 
Fe-(O)(OH) moiety and optimized at M06L-level. Figure 2 
displays a relative free energy profile for the formation of the 
oxygen–oxygen bond and proton transfer to another water 
molecule. The quartet state of the complex is the ground 
state of the complex ([FeV(cyclam)(O)(OH)]+2 + 4H2O) 
(4aOH-4H2O). Sextet state and doublet states are the next 
higher energy states with 11.32 and 17.89 kcal mol−1, respec-
tively (Fig. 2). In this water adduct complex aOH-4H2O, 
the hydrogen of the hydroxide group makes the hydrogen 
bond with the oxygen of one of the water molecules. This 
hydrogen-bonded water molecule transfers the proton to 
another explicit water molecule through a transition state 
(TSOH-4H2O) with the free energy of 33.09 kcal mol−1 hav-
ing quartet state as the ground state. The sextet and doublet 
states of the transition states are higher in free energy. From 
this stage, the proton transferred to another water molecule 
forms the hydronium ion, with concomitant of hydroxide 
transfer to the Fe=O moiety leads to the formation of an 
oxygen–oxygen bond. The resulted hydronium ion stabilizes 
by the hydrogen bond network of the other water molecules. 
The second transition state TS2OH–4H2O has a sextet state as 

the ground state. The oxygen–oxygen bond distance changes 
from 1.71 (TSOH–4H2O) to 1.47 Å (TS2OH 4H2O) from the 
first transition state to the second one. The Mulliken spin 
density on the metal changes from 2.0653 to 2.9177 while 
changing from a quartet state of 4aOH-4H2O to 4TSOH–4H2O. 
From 4TSOH–4H2O to 4TS2OH–4H2O, the spin density varies 
very little. Table S3 of SI gives the spin densities and bond 
distances. By observing spin densities on the metal and oxy-
gen atoms involved in the reaction, we see that the water is 
added to the Fe–O moiety as a nucleophile and noticed the 
spin crossover before the formation of the second transition 
state (TS2OH–4H2O). Finally, the proton from the hydronium 
ion is transferred to the cis–OH moiety through the Grot-
thuss mechanism [78] via hydrogen-bonded water molecule, 
which leads to the formation of the complex ([FeIII(cyclam) 
(OOH)(OH2)]+2 + 3H2O) (bOH-4H2O). The formed com-
plex (bOH–4H2O) has the sextet state as the ground state 
with − 3.30 kcal mol−1 and the quartet, and doublet states 
are the next higher energy spin states with 12.59 and 
20.09 kcal mol−1, respectively, concerning 4aOH-4H2O. The 
TOF comparable rate-determining step is the formation of 
the transition state (4TSOH–4H2O) with 33.09 kcal mol−1, 
which is higher than the single explicit water molecule with 
4aOH. By comparing two mechanisms for the formation of 
the oxygen–oxygen bond by the [Fe(cyclam)(O)(OH)]+2 spe-
cies with the internal assistance of cis–OH is more favora-
ble than the transfer of a proton to another specific water 
molecule.

By comparing the oxygen–oxygen bond formation 
through the aoxo and aOH complexes, internal base assis-
tance with a single water molecule is more favorable. The 
internal base assistance by the cis–oxo is 1 kcal mol−1 less 
free energetic than the cis–OH case. The stability of the 
bisoxo complex in the experimental conditions may be 

Fig. 2   Free energy profile for oxygen–oxygen bond formation 
through [FeV(cyclam)(O)(OH)]+2 as the starting one in the presence 
of four explicit water molecule, the proton of one of the water mol-
ecule transfer to an explicit water molecule
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less, and the external base assistance through complex aOH 
is more favorable. Complete molecular dynamic studies 
[56, 79] are required to get a clear understanding of the 
effect of explicit water molecules on the oxygen–oxygen 
bond formation. For that, we recently reported [56] the 
mechanistic study for the aoxo and aOH species. Due to the 
presence of the hydrogen bond cooperativity between the 
water molecules, the activation barrier decreases. But in 
both cases, the proton transfer to the cis–OH or oxo group 
is a less free energetic process than the transfer of the 
proton to another specific water molecule. This type of 

difference may be due to the level of the DFT and meth-
odology adopted.

3.2 � Molecular orbital diagram and natural bond 
orbital analysis

To understand which of the orbitals involved during the 
oxygen–oxygen bond of the water oxidation process, we 
performed the natural bond orbital (NBO) analysis for the 
complexes aOH and the aoxo. Figure 3 shows the orbitals 
for these complexes. In the molecular orbital diagram, we 

Fig. 3   Natural bond orbital analysis of [FeV(cyclam)(O)2]+ (left) and [FeV(cyclam)(O)(OH)]+2 (right) orbitals are arranged in increasing order of 
their energies
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mainly focus on the bonding nature of Fe=O bond. The dz2 
and dyz orbitals form sigma bonds with the oxygen atoms. 
The dx2–y2 and dxz orbitals form the π-bonding with the px and 
py orbitals of the oxygen atom. The dxy orbital forms the π 
bonding with the 2px orbital of another oxygen atom of the 
complex aoxo. The dx2–y2 orbital of metal interacts with the 2py 
orbital of the oxygen atom. In the case of the complex aOH, 
dxy orbital forms π–antibonding with the 2px orbital of the 
oxygen atom of hydroxide moiety; this bond is due to the 
back bonding of oxygen p-orbital to d-orbital of metal. The 
dxz orbital forms the π–antibonding with the 2px orbital of 
oxygen of the oxo group. The lowest unoccupied molecular 
orbital (LUMO) is π*(dx2–y2–2py), which is one of π–antibond-
ing orbital of the Fe=O moiety. These π*-orbitals are singly 
occupied, which can readily form the oxygen–oxygen bond. 
These orbitals overlap with the σ-orbital of the hydroxide 
of the water molecule to form the oxygen–oxygen σ-bond 
through the breaking one of the Fe–O π-bonds. In this bond 
formation, two-electron reduction in the metal center occurs 
with the addition of hydroxide as a nucleophile. From the 
natural charge analysis (NPA), we observe that the charge 
of the metal atom increases from 0.882 to 0.937, which sug-
gests that the water added as a nucleophile to the Fe–O bond 
for the formation of the oxygen–oxygen bond. We further 
carried the NBO analysis of the complexes boxo and bOH 
complexes; the study gives the evidence that the π* (dx2 –y

2 
– 2py) of Fe–O moiety is involved in oxygen–oxygen bond 
formation. The Fe–OOH bond forms by the interaction of 
dx2–y

2–orbital of the metal with the 2py-orbital of the oxygen 
atom in the case of complex boxo. The analysis of the hybrid 
coefficients of the hybrid orbitals of natural atomic orbit-
als (NAO) of the Fe–O bond of peroxide (Fe-OOH moiety) 
of both complexes confirms that the oxygen–oxygen bond 
formation is due to the interaction of antibonding π* (dx2 
–y

2 –2py) orbital with the σ*–orbital of the water molecule. 
These are shown in supporting information Figure S3(SI).

3.3 � Release of oxygen

The mechanistic pathway for the release of oxygen from the 
complexes boxo and bOH was studied. From boxo complex, 
([FeIII(cyclam)(OO.)(OH)]+1) (coxo) superoxide complex 
is formed through the PCET process with the potential of 
0.46 V. The formed superoxide has the septet state as the 
ground state; the quintet and triplet states are next higher 
energy spin states. The spin density values on the oxygen 
atoms of the septet state are 0.6552 and 0.7471 on superox-
ide bond; moreover, the corresponding value on the oxygen 
of hydroxide is 0.3114. These values confirm the forma-
tion of superoxide (FeIII–OO.) complex rather than a high 
valent peroxide bond. The formation of all three spin states 
of this complex is possible with perchlorate and periodate as 
the sacrificial oxidants. From complex bOH, the superoxide 

complex also forms ([FeIII(cyclam)(OO·) (OH2)] +2) (cOH) 
with the potential of 0.97 V. The cOH complex has the 
ground state of septet state among other possible spin states. 
The spin densities of the septet sate of the cOH complex are 
as follows: the metal center has 4.063, and the oxygen atoms 
of the superoxide oxygen atoms have 0.721 and 0.798. Fig-
ure 4 shows the spin density cubes. The conversion of the 
boxo into the tautomer cOH has negative free energy, which 
can happen by the transfer of the hydrogen of Fe–OOH to 
the Fe–OH in the complex boxo. The cOH is converted into 
([FeIII(cyclam)(O=O)(OH2)]+2) (dOH), where forms the 
oxygen–oxygen double. This conversion requires the poten-
tial of 0.95 V. From this complex, the oxygen is released 
as dioxygen with an addition of water molecule and forms 
an intermediate catalytic complex ([FeIII(cyclam)(OH2)
(OH2)]+3) (eOH). The change in free energy for this step is 
0.20 kcal mol−1. The transition state for this conversion is 
identified through the potential energy scan (PES) method, 
by varying the bond lengths of iron-oxygen of dioxygen 
and oxygen of the incoming water molecule to iron metal 
center. The transition state is optimized at the same level as 
before, in both gas phase and implicit water phase (CPCM 
implicit water model), and confirmed with only one negative 
frequency. The activation free energy for this conversion 
is 4.02 kcal mol−1. The release of the dioxygen molecule 
influenced by the explicit water molecules was studied by 
the Baerends et al. [54] for the FeIV=O complexes. Due to 
the Grotthus mechanism, the release of hydrogen peroxide is 
more dominant than the oxygen release. The authors studied 
the release of peroxide after the oxygen–oxygen bond forma-
tion without considering the formation of superoxide. In the 
current study, we discuss the case of the formation of super-
oxide, through which the release of the oxygen molecule 
happens. The spin density values suggest that the complexes 
Coxo and COH complexes are in superoxide nature rather than 
the peroxide complexes, which can facilitate the release of 
dioxygen molecule than the peroxide. The formed eOH is 
converted to ([FeIV(cyclam)(O)(OH2)]+2) (fOH) through the 
PCET step with the reduction potential of 0.34 V.

The release of oxygen from the coxo complex by the 
addition of water molecule forms complex ([FeII(cyclam) 
(OH)(OH2)]+) (doxo) with free energy change of the 
1.24 kcal mol−1.. The activation free energy for the release 
of dioxygen from the coxo complex by the addition of a water 
molecule is 6.60 kcal mol−1. The formed doxo complex has a 
quintet state as the ground state, and triplet state is the next 
higher energy spin state. From the doxo complex, the bisoxo 
complex is regenerated through subsequent PCET steps. The 
complex doxo converts into bis-hydroxy ([FeIII(cyclam)(OH)
(OH)]+)(eoxo) through the PCET process with a potential 
of 1.10 V. Later the eoxo complex forms ([FeIV(cyclam)(O)
(OH)]+) (foxo) with a potential of 0.74 V. Finally, the bisoxo 
complex (aoxo) is regenerated with the potential of 1.02 V 
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from foxo. The foxo intermediate can be formed through the 
comproportionation of the aoxo and eoxo compounds, with a 
negative free energy value. Like this, some of these reac-
tions are expected to happen in the water at the experimental 
conditions.

All these comproportionate reactions occur with negative 
free energy values. These types of reactions can be possible 
with the PCET [80] steps also. These reactions also give evi-
dence of the formation of most of the catalytic intermediates. 
These types of reactions sometimes decrease the release of 
dioxygen due to the unavailability of higher oxidation states 
of metal complexes. Both catalytic cycles with four protons 
and four-electron transfer steps are shown in Figure S3 and 
Figure S4, along with the thermodynamic stages of oxy-
gen–oxygen bond formation and release of oxygen. In both 
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the catalytic process, the oxygen–oxygen bond formation is 
the rate-determining step. In the absence of availability of 
experimental value. The turn over frequency (TOF) [81] cal-
culated from this energy span is 0.36 min−1, which is com-
parable with earlier reported value [57] for similar complex.

4 � Conclusions

We explore the water oxidation process of the cyclam-based 
iron metal that contains catalyst [FeIII(cyclam)(Cl)2]Cl, 
with the help of density functional theory at M06L-level. 
We focused mainly on the oxygen–oxygen bond formation 
through the [FeV(cyclam)(O)(OH)]2+ and [FeV(cyclam)
(O)2]2+ complexes. We examine the thermodynamics of this 
bond formation with one and four explicit water molecules 
separately. The bisoxo complex (aoxo) with the quartet state 

Fig. 4   Spin density plots 
for complexes [FeV(cyclam)
(O)2]+(aoxo), [FeIII(cyclam)(OH)
(OOH)]+ (boxo) [FeIII(cyclam)
(OH)(OO.)]+(Coxo) 
[FeV(cyclam)(O)(OH)]+2(aOH), 
[FeIII(cyclam)(OOH)
(OH2)]+2(bOH) [FeIII(cyclam)
(OO.)(OH2)]+2 (cOH) all the 
cubes have the iso value-0.01
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is the ground state. The minimum activation free energy for 
formation oxygen–oxygen bond required for aoxo complex is 
found to be 23.82 kcal mol−1; moreover, the required value 
was 24.90 kcal mol−1 in the case of [FeV(cyclam)(O)(OH)]2+. 
From the NBO analysis of the complexes aoxo and aOH, it is 
observed that the antibonding orbital (π*(dx2–y2–2py)) of Fe–O 
moiety interacting with the σ*-orbital of the hydroxide group 
leads to the formation of peroxide complex. We examine the 
water oxidation process of these complexes by transfer of a 
proton to the explicit water molecule, hydroxide, to the Fe-
oxo moiety. The mechanism involving four water molecules 
requires higher free energy than earlier, which can be thermo-
dynamically unviable. Overall the oxygen–oxygen bond for-
mation through one explicit water molecule with bisoxo com-
plex was more favorable. The peroxide complex was converted 
into a superoxide complex through the proton-coupled electron 
transfer reaction. We also investigate the Mulliken spin density 
analysis of the superoxide nature of the O–O bond. Later, we 
examine the release of the dioxygen. The energetics of the 
release of oxygen from the complex dOH is lesser than the 
coxo complex, but the interconversion between the boxo to the 
cOH was a free energetic process. Finally, the release of dioxy-
gen requires minimum activation energy of 4.02 kcal mol−1. 
From thermodynamic data, the overall rate-determining step 
is the oxygen–oxygen bond formation for both the catalytic 
cycles. While comparing with our previous [56] results based 
on the water oxidation process in the presence of the explicit 
water molecules, the rate demining step is the oxygen–oxygen 
bond formation in both the cases. The activation free energy 
decreases in the presence of explicit water for both the con-
ditions. However, the effect was less for other steps. Mainly 
the thermodynamic steps are more influenced by the explicit 
water than the kinetic steps like PCET. This is due to the coop-
erativity of the water molecules through the hydrogen bonds. 
Our mechanistic study may provide mechanistic insight and 
help in the development of water oxidation catalysts based on 
cyclam-based ligands.
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