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3.1 Introduction 

 

A key process in natural photosynthesis is the four-electron four-

proton water oxidation reaction producing O2. This reaction takes place 

in the oxygen evolving complex (OEC) of photosystem II (PSII), which 

consists of a tetramanganese cluster with several oxo-bridges [1]. A 

mechanistic insight in the water splitting process is fundamental for the 

development of artificial devices for solar energy storage.  High 

resolution crystallographic, EXAFS and spectroscopic data, combined 

with computational modeling, mostly based on Density Functional 

Theory (DFT), have recently provided structural and mechanistic 

insight in the catalytic cycle taking the OEC through the states S0 to S4 

[2-6]. In parallel there has been a growing effort in synthesizing 

biomimetic complexes that could efficiently perform the catalytic O2 

formation from water [7]. An optimal catalyst for water oxidation 

should properly address various requirements, most noticeably a good 

efficiency, low cost, and good stability. Man made catalysts are mostly 

based on Ru, and Co [8-12], and the search for complexes based on 

more abundant elements, such as Mn or Fe, is progressing [13, 14].  

One of the first successful attempts in this direction is the Mn-complex 

[H2O(terpy)Mn(O)2Mn(terpy)OH2]
3+ (terpy = 2,2′:6,2′′-terpyridine), 

which contains two Mn atoms linked by two µ-oxo bridges [15].  This 

complex is able to catalyze the formation of O2 from water, although it 



Chapter 3 

 54 

also shows a high degree of deactivation by ligand loss and 

permanganate formation [16-19]. 

Since the catalyst is based on Mn and uses more than one metal 

ion connected by oxo-bridges, in a way similar to the natural OEC, this 

catalyst has been the subject of extensive theoretical investigations to 

elucidate the nature of the key intermediates in the catalytic cycle [13, 

20, 21]. On the basis of density functional theory (DFT) calculations, it 

has been suggested that the active species in the O–O bond formation 

step is the [(bis(imino)pyridine)(H2O)MnIV(µ-O)2MnV(O) 

(bis(imino)pyridine)]3+ complex (1) [20]. In a recent work by 

Nakamura et al., an alternative reaction path for oxygen formation has 

been proposed based on a direct involvement of excess oxidants acting 

as counterions, such as OCl¯  [22]. Most of the previous theoretical 

mechanistic studies address hypothetical transition states and 

intermediates in a static approach and do not include an explicit 

description of the water solvation. 

In this study ab-initio molecular dynamics simulations are used 

with an additional time-dependent bias potential along specific reaction 

coordinates as proposed by Laio and Parrinello [23]. Both hybrid 

quantum-mechanics/molecular mechanics (QM/MM) and full QM 

simulations are employed to include explicitly the solvent environment. 

In this way several potential reaction paths can be explored including 

dynamics and solvation effects. The simulations show that the di-Mn 

cluster can undergo a structural rearrangement and form a complex that 
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is weakly active in the O-O bond formation.  The slow kinetics of this 

step can allow other processes, including linear degradation of the 

catalyst, in line with the deactivation processes observed 

experimentally [16-19]. These results can help to guide the chemical 

design of molecular scaffolds with specific structural features for the 

implementation of stable water oxidation catalysts with improved 

durability. 

 

3.2 Computational details 

 

The ab-initio molecular dynamics (AIMD) simulations in this 

work were performed with the CPMD program [24]. Nuclear forces in 

AIMD are derived from the electronic structure using DFT with the 

BLYP functional [25, 26]. The choice of a non-hybrid functional is 

mostly dictated by computational efficiency in the AIMD. However, 

single point calculations using the hybrid functionals OPBE0, B3LYP, 

B3LYP* [27], that differ in the amount of exact exchange (25%, 20% 

and 15%, respectively), have been performed with the ADF program 

[28-30] to check the relative energy of different complexes in order to 

validate the BLYP results. Further tests have been performed with the 

ADF program to check the effect of empirical dispersion corrections in 

the form proposed by Grimme [31]. 
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Norm-conserving pseudopotentials of the Martins–Troullier [32] 

form are used for all the atomic elements except for Mn, for which the 

Goedecker form is used instead [33]. The Kohn-Sham orbitals are 

expanded on a plane-waves basis set with an energy cutoff of 100 Ry, 

which provides a good convergence in relative energies.   

The Car-Parrinello AIMD simulations are performed with a time 

step ∆t = 5 a.u. and a fictitious electronic mass µ = 400 a.u. In order to 

efficiently explore possible reaction pathways, the CPMD code with the 

metadynamics approach is used [23]. The metadynamics is a coarse-

grained dynamics on the free-energy surface (FES) defined by a few 

collective variables, such as distances, angles, and coordination 

numbers. The method uses an adaptive bias potential to escape from 

local minima. In these simulations the evolution of the collective 

variables takes one metadynamics step every ten AIMD time steps. At 

each metadynamics step the evolution of the collective variables is 

guided by a generalized force that combines the action of the 

thermodynamic force, which would trap the system in a free energy 

minimum, and a history-dependent force that disfavors configurations 

already visited. This history-dependent potential is built as a sum of 

Gaussian functions centered in the explored values of the collective 

variables [23]. The width and height of the Gaussian are parameters 

that can be tuned to find the best compromise between accuracy in the 

FES estimate and speed in crossing energy barriers to sample the whole 

collective variable space. In this work these values are 0.1 a.u. and 
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0.001 Hartree, respectively. In this work metadynamics simulations are 

used to explore hypothetical reaction paths rather than to accurately 

estimate free-energy barriers.  

For a more realistic study of the reaction the solvent is included 

explicitly within a QM/MM approach as implemented in the CPMD 

code [34, 35]. QM/MM simulations are performed in a cubic box 

containing the di-Mn catalyst and about 1000 water molecules. The di-

Mn cluster and a few (3-4) closest water molecules that can play an 

active role in the reaction are included in the QM subsystem treated at 

the DFT level, while the remaining water molecules are treated with 

Molecular Mechanics (MM). For the MM part the AMBER force field 

is used with the TIP3P model for the water molecules [36]. The solvent 

environment is equilibrated at room temperature with a classical MD 

while the Mn complex is kept fixed. In addition, AIMD simulations for 

complex 2 are performed with a full QM solvent environment with 72 

water molecules in a box 20.5x23.8x18.1 Å3. 
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3.3 Results and discussion 

3.3.1 Modeling of the Hexa-coordinated 

complex with two oxo-bridges (1) 

3.3.1.1 Structural and electronic characterization 

In order to validate the choice of the functional and basis set 

described in the previous section, the structural and electronic 

properties of complex 1 obtained with DFT results are compared using 

a hybrid functional [20]. The geometry of complex 1 is optimized for 

different multiplicities and report the resulting relevant geometrical 

parameters and relative energies in Table 3.1 (see also Figure 3.1 for 

the atomic labelling). The most stable spin state and the order of higher 

energy multiplicities are consistent with previous DFT results [20]. In 

particular, the energy difference between the lowest energy doublet and 

the sextet is found to be 5.6 kcal/mol in BLYP vs. 3.04 kcal/mol in 

B3LYP. This difference is consistent with the general finding that a 

non-hybrid functional, like the BLYP, favours the low spin states over 

the high spin states, contrary to hybrid functionals. In Table 3.1 also the 

bond lengths obtained in Ref. [20] for the lowest energy (doublet) spin 

state are reported.  

Overall the bond lengths obtained with BLYP are similar to those 

obtained with B3LYP, the larger difference being found for d(Mn2-O3) 
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which is 0.15 Å shorter in these calculations. As already discussed in 

Ref.[20], a shorter Mn-oxo ligand distance corresponds with a weaker 

radical character of the oxygen, which is also confirmed by the analysis 

of the spin density. It has been observed that the spin density on the Mn 

and on the oxo ligand can be tuned by varying the contribution of exact 

exchange in the functional and it is difficult to asses without a direct 

comparison with experiment which functional gives the most accurate 

description of the spin localization in the complex [37]. 

 
Table 3.1. Relative energy and important bond lengths in the di-Mn 

cluster 1. (a) From reference [20]. Bond lengths are given in Å and relative 

energies in kcal/mol. The atomic labeling refers to Figure 3.1. 

multiplicity 
relative 
energy Mn2-O3 Mn1-O4 Mn1-O5 Mn2-O4 Mn2-O5 

2 0 1.61 1.79 1.75 1.79 2.09 

6 5.60 1.61 1.80 1.74 1.81 2.10 

2 7.91 1.61 1.79 1.75 1.79 2.09 

8 29.59 1.83 1.79 1.77 1.85 1.94 

2 (a)  1.76 1.80 1.73 1.83 1.96 

 

Additional calculations performed with the ADF program, a TZP 

basis set, and including dispersion corrections in different functionals 

give Mn-O distances close to 1.60 Å both with BLYP than with hybrid 

functionals (see Table 3.2). As mentioned above, this distance is 

usually associated more with a Mn-oxo rather than a Mn-oxyl radical. 

However, the Mulliken spin population analysis does not provide an 
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unambiguous picture for the O ligand in complex 1 since no clear trend 

emerges in going from standard GGA to hybrid functionals, with the 

BLYP-D and B3LYP*-D functionals giving -0.20 and 0.03 

respectively, and OPBE0-D predicting a stronger radical character 

(0.67). 

Table 3.2.  Manganese-oxygen distances in the di-Mn complexes 1, 2 

and 3. Bond lengths are given in Å. The atomic labeling refers to Figure 

3.1 and 3.4. 

Complex 1   

Functional Mn2-O3 Mn1-O6 

BLYP 1.62 2.16 

BLYP-D 1.62 2.13 

B3LYP*-D 1.60 2.10 

OPBE0-D 1.54 2.11 

Complex 2   

Functional Mn1-Ox1 Mn2-Ox2 

BLYP 1.60 1.62 

BLYP-D 1.60 1.62 

B3LYP*-D 1.57 1.57 

OPBE0-D 1.55 1.53 

Complex 3   

Functional Mn-OOH Mn-OH 

BLYP 1.82 1.84 

BLYP-D 1.81 1.83 

B3LYP*-D 1.73 1.77 
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3.3.1.2 Reaction pathway analysis for complex 1 

The reaction pathway involving the oxygen bond formation 

between one water molecule and the oxyl radical and the concerted 

jump of one water hydrogen to the oxo bridge is first explored, 

following the suggestion of Siegbahn et al. based on early DFT 

calculations [20]. A geometry optimization of complex 1, including a 

water molecule initially located between the oxyl radical and one oxo-

bridge, leads to a stable conformation where the water forms hydrogen 

bonds with both aromatic ligands. Starting from this optimized 

geometry, metadynamics simulation are performed with two collective 

variables: The distance between the water oxygen and the oxyl radical, 

and the distance between one water hydrogen and one oxo-bridge, 

assuming that the oxo bridge can act as a proton acceptor in this 

reaction step. The maximum value for the collective variables was set 

to 3Å. During this metadynamics the water hydrogen (Hw) approaches 

the oxo-bridge to within ~1Å distance. However, when the hydrogen 

reaches this configuration, the oxyl radical – water oxygen (Ox-Ow) 

distance is not short enough for a reaction to occur. 

In a genuine solvent environment, other water molecules in the 

coordination sphere of the catalyst can facilitate the proton transfer 

step. Therefore a second water molecule is added in a position where it 

can act as a proton channel from the first water to the oxo-bridge.  
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Figure 3.1.  Di-manganese complex 1 with two water molecules. The 

dashed lines represent the collective variables used in the metadynamics 

simulation. The atomic labeling used throughout the paper is indicated 

[38]. 

 

To test if a reaction pathway is possible where the Ox-Ow bond 

formation is accompanied by a proton jump through the second water 

onto the oxo-bridge, a bias potential is included for each of the bonds 

expected to be formed during this reaction (see Figure 3.1). Along this 

trajectory, a structural rearrangement of complex 1 takes place, as 

illustrated in Figure 3.2: 
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Figure 3.2.  Snapshot of the di-manganese complex after 1700 MD 

steps. The Mn2-O5 and Mn1-O6 distances (Å) are shown to underline the 

structural changes observed in the simulation [38]. 

 

The aquo ligand breaks its coordination bond and at the same time 

one of the oxo-bridges opens up and the oxygen moves into the initial 

position of the aquo ligand. As a consequence of this internal 

rearrangement, the two manganese atoms become pentacoordinated. To 

verify that this structural rearrangement is not an artifact of the lack of a 

proper environment, this metadynamics simulation is repeated in water 

within the QM/MM approach (see Computational Details section). In 

this case however, the only collective variable is the Ox-Ow distance 

and all the other degrees of freedom are able to evolve freely. In this 
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way the proton is not forced to jump onto the oxo-bridge, which might 

induce the structural instability.  The results are shown in Figure 3.3, 

where a similar structural rearrangement as observed in vacuum takes 

place.  The opening of the oxo-bridge (orange and black lines) and the 

leaving of the aquo ligand (red line) occur prior to any attempt of bond 

formation between the oxyl radical and the oxygen water (green line), 

or in other words before the water oxidation process could take place. 

Indeed the minimum Ox-Ow distance is ~2 Å, in spite of the bias 

potential, suggesting that an activation barrier associated with the 

transition state is encountered at this distance.   

It should be mentioned that a spin crossing might occur during a 

reaction involving bond splitting as discussed in Refs. [10] and [39]. 

Here however the structural rearrangement occurs before any sign of 

water splitting and therefore a different spin state in the metadynamics 

simulations is not considered. 

In the simulations, the structural rearrangement has lower 

activation energy than the oxygen – oxygen bond formation. In 

addition, these findings underline that the oxo-bridge is not a proper 

proton acceptor for this catalytic reaction step. This is well in line with 

a theoretical study on a similar di-Ru catalyst, indicating that the 

hydrogen jump to the µ-oxo moiety requires a substantial structural 

distortion and is not thermodynamically stable [40]. 
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Figure 3.3. Relevant geometrical parameters during the 

structural rearrangement of complex 1 observed in the QM/MM 

simulation including the water environment. 

 

 

 

 

3.3.2 Modeling of the penta-coordinated 

manganese cluster (2) with one oxo-bridge 

3.3.2.1 Structural and electronic characterization of 

complex 2 

A geometry optimization is performed to check the structural 

stability of the penta-coordinated di-Mn complex 
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[(bis(imino)pyridine)(O)MnIV(µ-O)MnV(O)(bis(imino)pyridine)]3+ (2) 

obtained after the structural rearrangement of complex 1. Also for 

complex 2 the doublet state has the lowest energy, as for complex 1. 

 

 

Figure 3.4. Optimized geometry of complex 2 [38] 

 

This conclusion is warranted both in vacuum and in an explicit water 

environment with the quartet state being about 6 kcal/mol higher in 

energy. A Mulliken spin population analysis at the BLYP level gives 

1.20 for Mn1 and -0.39 for Mn2. In addition, one oxo ligand shows a 

higher spin population (Ox1, 0.27) than the other one (Ox2, -0.10). In 

Table 3.2 it can be noticed that the Mn-O distances obtained with 

different functionals for complex 2 are very similar to those obtained 
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for complex 1. The optimized geometry (see Figure 3.4) shows a 

dihedral angle (θ) Ox1-Mn1-Mn2-Ox2 of ~90º, which could facilitate a 

hypothetical water oxidation path where one of the two oxo ligands can 

act as proton acceptor [40]. 

 

Table 3.3. Energy difference between complex 1 and complex 2 plus 

one water molecule [∆∆∆∆E = E(2 + water) – E(1)], optimized using different 

functionals and basis sets. STO (TZP) is a triple zeta with polarization 

Slater type basis set and PW (100 Ry) is a plane wave basis set with a 

cutoff of 100 Ry. Also the effect of empirical dispersion corrections (D), 

included using the Grimme parameters, is shown [31]. 

Basis set Functional ∆E (kcal/mol) 

PW (100 Ry) OPBE -28.9 

STO (TZP) BLYP -6.5 

STO (TZP) BLYP-D -1.9 

STO (TZP) B3LYP -15.1 

STO (TZP) B3LYP*-D -13.9 

STO (TZP) OPBE0-D -25.7 

 

To assess whether the structural rearrangement of complex 1 is 

thermodynamically accessible, in Table 3.3 is shown the energy 

difference between complex 1 and complex 2 plus one water molecule 

[∆E = E(2 + water) – E(1)] for various functionals and basis sets, 
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including hybrid functionals and dispersion corrections. The energy 

comparison shows that the one oxo-bridge complex 2 is in general 

thermodynamically more stable than the two oxo-bridges complex 1 

although the energy difference varies considerably from one functional 

to the other with the BLYP functional giving the smallest energy 

difference.  

3.3.2.2 Reaction pathway analysis for complex 

Having established that the complex 2 is stable and 

thermodynamically favorable, its potential water oxidation activity is 

now explored. A likely hypothetical reaction pathway involves the 

approach of the oxygen of a water molecule to one oxo ligand and a 

proton jump from the water molecule to the other oxo ligand.  

Complex 2 plus a water molecule located between the two oxo 

ligands is considered as a starting configuration for metadynamics 

investigations in vacuum. During the simulation with only the Ox1-Ow 

distance as collective variable it is observed that as soon as the water 

oxygen approaches one oxo ligand (dOx1-Ow~1.6 Å) the Mn1-Ox1 

distance starts to increase considerably, indicating a weakening of the 

manganese-oxygen bond. However, the hydrogen of the water is not 

transferred to the other oxo ligand, and remains at a distance longer 

than 3 Å. By adding a bias potential along the vector connecting a 

hydrogen of the approaching water with the other oxo ligand, while at 

the same time keeping the Ox1-Ow distance close to the bonding value, 
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a rapid proton transfer from the water to the other oxo ligand is 

observed, leading to the expected product (see Figure 3.5). This result 

suggests that the proton jump occurs easily when the oxygen-oxygen 

bond is already formed. Comparing the energy of complex 2 plus a 

water against the resulting [(bis(imino)pyridine)(OOH)MnIV(µ-

O)MnV(OH)(bis(imino)pyridine)]3+ intermediate complex (3) shows 

that this step is endothermic.  

 

Table 3.4. Energy difference between complex 2 plus one water 

molecule and complex 3 [∆E = E(3) – E(2+ water)], optimized using 

different functionals. The first entry BLYP (PW) is the result obtained 

with the CPMD program using plane waves with 100 Ry cutoff.  All other 

results are obtained with the ADF program and a triple zeta with 

polarization Slater type basis set (STO / TZP). The effect of empirical 

dispersion corrections (D) [31] is also shown. The results are presented for 

doublet to doublet and for a spin crossover from doublet to quartet. 

Functional ∆E doublet
�

doublet (kcal/mol) ∆E doublet
�

quartet (kcal/mol) 

BLYP (PW) - 37.5 

BLYP 24.0 33.7 

BLYP-D 23.3 33.0 

B3LYP-D 23.2 10.4 

B3LYP*-D 21.4 12.8 
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In Table 3.4 the results obtained with different functionals are 

shown. The hybrid functionals predict a smaller energy difference than 

the GGA functionals and a spin crossing from a doublet to a quartet 

spin state. 

In order to check whether the solvent environment can facilitate 

this reaction step by playing the role of proton acceptor [10], AIMD 

simulations were performed with a full QM description of the water 

environment (see Computational Details section).  The solvate 

environment provides a hydrogen bonding network between various 

water molecules, which can allow for the proton of the reactant water 

molecule to jump more easily to the other oxo ligand or be solvated in 

the environment. Initially a metadynamics simulation was performed 

with a bias potential acting on the Ox1-Ow distance between the oxo 

ligand and the closest water. When the Ox1-Ow distance is decreasing 

and approaching a typical O-O bond length value of ~ 1.4 Å, the 

expected increase in the Mn-Ox distance is observed, as well as an 

increase in the internal water Hw-Ow distance. However, a complete 

proton transfer to the other oxyl ligand or to the water environment is 

never observed. This may be due to the fact that in the metadynamics 

simulations the evolution of the CV is quicker than the equilibration 

time needed by the solvent to reorganize to the current Ox1-Ow 

distance in order to facilitate the proton release. 

For this reason additional AIMD simulations were performed 

without any constraint starting from the complex with the formed 
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hydroperoxo ligand and with the released proton relocated in the water 

environment. In all cases the hydroperoxo ligand appears instable, the 

Ox1-Ow distance increases, leading to the breakage of the bond, and 

the released OH- reconstitutes a water molecule with the proton present 

in the solvent.   

 

 

Figure 3.5. di-Mn complex intermediate after formation of the O-O 

bond and proton jump to the second oxyl ligand [38]. Distance between 

the atoms of the broken O-H bond is given in Å. 

 

However, starting the AIMD simulation with the formed 

hydroperoxo ligand and with the released proton on the other oxyl 

ligand (as in complex 3), the hydroperoxo ligand and the whole 

intermediate complex are stable in the water environment. 
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Figure 3.6. Snapshot of the stable Mn-OOH intermediate (complex 3) 

taken from a AIMD simulation in fully QM water environ ment at room 

temperature without any constraint [38] 

 

These simulations lead to the conclusion that the oxygen-oxygen 

bond formation step occurs only if at the same time the second oxyl 

ligand accepts a proton, thereby keeping the total charge of the complex 

unchanged. Hence complex 2 appears to be weakly active towards the 

formation of the O-O bond since the formation of intermediate 3 

requires a thermodynamically difficult concerted reaction step. 

 

3.4 Conclusions 

 

The search for a water oxidation catalyst based on abundant 

transition metals is currently an important step in the development of 
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artificial photosynthesis devices. Specifically Mn catalysts with oxo-

bridges mimicking the natural OEC of photosystem II are being 

explored as possible candidates for reaching this goal. In this chapter 

the focus is on the reactivity of a di-Mn cluster that has been the subject 

of experimental and theoretical studies for more than a decade. The 

results are based on ab-initio MD simulations at room temperature, 

including explicitly the solvent environment, and clearly show that the 

cluster can easily undergo a structural rearrangement involving a 

breakage of one the oxo-bridges and a release of a water ligand leading 

to two pentacoordinated Mn sites (see Scheme 3.1). These 

computational results are in line with previous experimental work on 

this di-Mn cluster since it has been observed that the catalytic activity 

in aqueous solution decreases dramatically after a few cycles. [15]. It 

has been reported that permanganate ions or manganese oxide particles 

are usually the decomposition products of these Mn based catalysts. 

Moreover, the well known Ru based blue dimer catalyst also shows 

reductive cleavage of the bridging oxido ligand, similarly to the 

structural rearrangement proposed in this chapter [19]. It is suggested 

that when the two-oxo bridged cluster is in water, after a few catalytic 

cycles, a structural rearrangement takes place. This rearrangement leads 

to a complex (2) that is poorly active toward the O-O bond formation: 

Indeed the formation of the new oxygen-oxygen bond step requires a 

very specific hydrogen bonding network in order to perform a 

concerted proton jump to convert the second oxo ligand into an 
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hydroxo ligand. This can explain the decrease in the activity shown in 

the experimental work. 

It has been pointed out that in the natural OEC the flexibility of the 

Mn-O-Mn angles is a key feature in facilitating the water oxidation 

process [5]. However in the simulations presented here, this structural 

flexibility in the bending of the two oxo-bridges can culminate in the 

opening of one of the bridges, thereby degrading the catalyst [16-18]. In 

the natural OEC the protein matrix in which the Mn complex is 

embedded provides extra stability to the catalyst, while allowing for 

some structural distortions to take place during the S0-S4 cycle.  Thus it 

is suggested that a proper design of the catalyst should include the 

design of a smart embedding matrix minimizing structural distortions 

leading to degradation of the catalyst, while providing the proper 

channels for water and proton dynamics. Anchoring the water oxidation 

catalyst to a nanoparticle [21], can already provide a more robust 

system in aqueous and oxidative conditions. 

 

 

Scheme 3.1. Structural rearrangement of complex 1 to form complex 

2 with a release of a water molecule in the solvent environment. 
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