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Discovery of open cubane-core Structures for bio-mimetic 

{LnCo3(OR)4} Water Oxidation Catalysts 

Mauro Schilling[a], Florian H. Hodel[a] and Sandra Luber*[a] 

Abstract: Bio-mimetic catalysts such as {LnCo3(OR)4} (Ln = Er, Tm, OR = alkoxide) cubanes have recently been in the focus of research for 

artificial water oxidation processes. Previously, the remarkable adaptability with respect to ligand shell, nuclear structure as well as 

protonation and oxidation states of those catalysts has been shown to be beneficial for the water oxidation process. We further explored the 

structural flexibility of those catalysts and present here a series of novel structures in which one metal center is pulled out of the cubane cage. 

This leads to an open cubane core, which is to some extend reminiscent of observed open/closed cubane core forms of the oxygen-evolving 

complex in nature’s photosystem II. We investigate how those open cubane core models alter the thermodynamics of the water oxidation 

cycle and how different solvation approaches influence their stability. 

Introduction 

In the field of artificial water splitting, nature’s oxygen-evolving complex (OEC), which is embedded in a large complex of proteins 
forming the so-called photosystem II, serves as a leading paradigm for the development of efficient water oxidation catalysts (WOCs). 
The oxo-bridged cuboidal core formed by three manganese metal centers and a redox-inert calcium ion, as well as a fourth, so called 
‘dangling’ manganese of the OEC cluster (CaMn4O5) has inspired the development of numerous artificial water oxidation catalysts. 
Even though molecular Mn-oxide catalysts mimicking the structural features of the OEC haven been successfully synthesized, they 
display no significant WOC activity.[1] Other mimics such as Co(III)-cubanes[2] need to be carefully scrutinized because catalytically 
active CoOx nanoparticles might form in decomposition reactions or their catalytic activity might stem from Co(II) impurities in the 
sample.[3] The current lack of understanding regarding the mechanistic principles governing the catalytic activity of elaborate synthetic 
OEC models calls for further explorations of cubane-type WOCs, among which Co(II)-based cubanes are promising candidates. The 
first biomimetic WOC based on a Co(II)-cubane motif, [Co4(hmp)4(µ-OAc)2(µ2-OAc)2(H2O)2] (hmp = 2-(hydroxymethyl)-pyridine) 
{Co4(OR)4}, was reported by Evangelisti et al. in 2013.[4] In a subsequent study, by introducing a redox inert Ln3+ cation mimicking 
Ca2+ and slightly changing the ligand environment, they matched the structural features of the OEC even more closely and measured 
significantly higher turnover frequencies (maximum values of 9 s-1 compared to 5 s-1

 at pH 9[4,5]).  
Computational methods are an important tool to gain further insight, which is a prerequisite for the informed design of efficient 
WOCs[6]. Over the past years they have been successfully applied to a variety of Co(III)-cubane based catalysts and model systems. 
Among them are the well-known Co(III)-cubanes by Dismukes and co-workers[2] which have been further modified by organic ligand 
framework.[7] EPR measurements suggesting the existence of a {Co(III)3Co(VI)} state were supported by computational results,[8] and 
the proposed di-oxo state prior to the oxygen-oxygen bond formation was characterized by both spectroscopic methods and Kohn-
Sham density functional theory (DFT).[9] In order to rationalize isotopic labeling studies, ligand exchange reactions were modeled by 
Dismukes, De Angelis, and co-worker leading to a possible cis-gemdiol intermediate as a prerequisite for the oxygen-oxygen bond 
formation[10]. Li and Siegbahn modeled the catalytic cycle of a model Co(III)-cubane (without any organic ligands) as well as the 
Co(III)-cubane of Dismukes and co-workers where they found a water nucleophilic attack (WNA) to be favorable in both cases.[11] The 
mechanisms of similar model systems were also investigated in great detail by Wang and Van Voorhis

[12] using a mixed quantum 
mechanics / molecular mechanics approach as well as by Fernando and Aikens who found a radical coupling mechanism to be 
energetically favorable.[13]  In previous studies we investigated ligand-exchange reactions, possible catalytic states and mechanisms 
of both {Co4(OR)4} and {LnCo3(OR)4} (Ln = Er, Tm) cubanes (see Figure 1; due to ligand exchange,[5] the ground state structures 
used for the computational study are not identical to the X-ray structures) using DFT and DFT-based molecular dynamics (MD). 
Aside from an oxo-oxo coupling mechanism which involves two metal centers, a possible water oxidation pathway of these WOCs is 
a single–site mechanism involving four consecutive proton coupled electron transfer (PCET) steps at the same metal center and a 
WNA producing molecular oxygen as well as 4 protons and 4 electrons.  
The first PCET step transforms Co1II(OH2)(OH) (S0) into Co1III(OH)2 (S1) (see Figure 1). Then, depending on the site of 
deprotonation one of the two possible oxyl/oxo-species Co1IV(O)(OH) (S2) is formed. Next, a nucleophilic water attack takes place 
forming the O-O bond followed by another PCET resulting in a hydroperoxo species Co1III(OOH)(OH) (S3). Release of the fourth 
proton and electron produces Co1III(OO)(OH) (S4) which has (similar to S2) significant radical character on the ligand. Finally, 

molecular oxygen is released and the catalyst returns to its 
ground state by taking up a water molecule from the solvent. In 
our previous studies we highlighted the importance of flexibility in 
terms of structural changes of the cubane core during the 
catalytic cycle, the capability of the catalyst to undergo ligand 
exchange reactions, and the redox isomerism that allows the 
catalyst to redistribute electrons over the entire cubane core, all 
of which potentially enable or even enhance the water oxidation 
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capability.[14] Thereby, in particular the Co1-O1 and Co1-O2 bonds were found to be prone to distortions. In this work, we set out to 
further explore this phenomenon. Starting from the formerly reported “distorted” cubane core structures (see Figure 1),[14] additional 
local minima on the potential energy surface were located where the structures feature Co1-O1 and Co1-O3 bonds which are even 
more elongated (see Figure 1). In the following, we discuss the thermodynamics of water oxidation catalyzed by these “open” cubane 
core structures.  

Methods 

We employed the same methods as previously applied to {ErCo3(OR)4}, {TmCo3(OR)4} and {Co4(OR)4}
[5,14,15]. For a detailed 

justification of the computational settings, we ask the reader to review the mentioned literature. The geometries of the “distorted” 
closed conformers were optimized using the QUICKSTEP program[16] as implemented in the CP2K software package[17] employing 
the BP86 exchange-correlation density functional.[18] Electronic energies were obtained from single point energy calculations on the 
BP86 optimized structures using the B3LYP hybrid density functional.[19] The BP86 functional has been shown to accurately 
reproduce molecular structures of transition metal complexes.[20] However, in order to obtain accurate electronic energies the use of 
hybrid exchange-correlation functionals is required, as has been shown by Kwapien et al.[21] The use of hybrid functionals such as 
B3LYP, which include exact Hartree-Fock exchange, generally overstabilizes high spin configurations.[22] However, counter-examples 
were found among the catalytic intermediates of {ErCo3(OR)4}, {TmCo3(OR)4} and {Co4(OR)4}.

[14,15] The initial atomic coordinates of 
the S0 state were obtained from a snapshot of a DFT-based MD trajectory where all water molecules except for the 68 closest to the 
catalyst were deleted. The structures for the S1-S4 states were subsequently generated from their respective previous state to 
ensure that the solvent molecules were in comparable positions.[14,15] For this work only one of the two possible configurational 
isomers of the S2 state is of importance (isomer b[14]) since no open cubane core structures were found for the other isomer. We thus 
will not distinguish between them in the remaining part of the manuscript. Single point energy calculations were performed on both 
the geometry optimized system including the catalyst surrounded by 68 water molecules and the catalyst with the same structure but 
without explicit solvent molecules. All calculations using CP2K were performed in a 303 A3 simulation box, applying mixed Gaussian 
and plane wave basis sets with (scalar-relativistic) Goedecker-Teter-Hutter pseudopotentials,[5,23] double-ζ valence polarized basis 
sets (DZVP-MOLOPT-GTH[24] for O, H, N and C, DZVP-MOLOPT-SR-GTH[24] for Co, as well as newly fitted basis sets for Er and 
Tm[5]). Further, Grimme’s D3 dispersion correction was used for all calculations.[25] The energy cutoff for the auxiliary plane wave 
expansion of the charge density was set to 500 Ry. Due to the lack of experimental data, ferromagnetic coupling between the Co and 
Ln centers was assumed for all catalytic states. The proposed mechanism only involves one active Co center, and alterations of the 
electronic configurations were exclusively performed at this center. The geometries of all intermediates were optimized for all 
reasonable spin multiplicities. Then, the electronic structures were analyzed in terms of Mulliken spin populations and frontier 
(canonical) orbitals. Mulliken spin populations depend on the basis set and in general do not converge to the basis set limit,[26] still 
they have been routinely used.[21,27] 
 
The differences in free energy between the catalytic intermediates and the ground state ∆𝐺!!! were calculated following a protocol by 
Nørskov et al.[28] that has already been successfully applied to the Co(II)-based cubanes and other catalysts.[14,15,29] This approach is 
based on the assumption that all oxidation processes are coupled to deprotonations (PCETs) and that these reactions are essentially 
barrier free. Hence, contributions of the proton and the electron are not treated independently. ∆𝐺!!! is calculated as 
 

∆𝐺!"!!! = 𝐸!" +
𝑖

2
𝐸!!

− 𝐸!! + 𝐸!"#,!" +
𝑖

2
𝐸!"#,!!

− 𝐸!"#,!! + 𝑖 ∆𝐻 − 𝑇∆𝑆 , 𝑖 = 1,… ,4 

 
𝐸! is the electronic energy of state i, and 𝐸!"#,! is the zero-point-energy. The thermal corrections for the different intermediates of the 

catalysts were assumed to cancel out. Therefore, only correction terms for molecular hydrogen containing ∆𝑆 = 0.016
!"#$

! !"#
 as well as 

∆𝐻 = 1.153
!"#$

!"#
, i.e. half the entropy and enthalpy of molecular hydrogen at standard conditions, are included.[30] 

 
The computations of the minimum electronic energy paths and barriers with explicit solvation and the CP2K package were carried out 
with the nudged elastic band (NEB) method[31] (improved tangent method[32], climbing image NEB every 5 steps), each pathway 
consisting of 8 frames. Due to computational cost, we employed only the BP86 functional for these calculations, all other set-up 
parameters being identical to the ones chosen for the geometry optimizations. For all frames along the optimized reaction pathway 
electronic energies were obtained employing the B3LYP functional. The zero-point energies were obtained from normal mode 
analysis in the harmonic approximation. Due to the high computational effort, such calculations were performed in TURBOMOLE 
7.01[33] with the conductor-like screening model (COSMO)[34] instead of explicit solvation. In order to investigate the effects of the 
explicit solvation shell, all structures optimized in CP2K (with explicit solvation) were re-optimized in TURBOMOLE using COSMO 
and no explicit water molecules. It is important to note that the novel conformers would not have been detected without the 
appropriate initial geometries obtained from CP2K including the explicit first solvation shell. The geometries were optimized using the 
BP86 exchange-correlation density functional, Ahlrich’s def2-TZVP[35] basis set, a scalar-relativistic effective core potential (ECP-28) 
on Er and Tm, respectively, and the resolution-of-the-identity-density-fitting technique[36] with corresponding auxiliary basis sets,[37] as 
well as Grimme’s D3 correction. Single point electronic energies were obtained using the B3LYP hybrid functional but otherwise 
unchanged settings. For all minimum electronic energy structures, normal mode analysis using the NUMFORCE[38] script were 
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performed to confirm that the structures represent minima on the potential energy surface. The COSMO energies were further refined 
using the direct-COSMO-RS (DCOSMO-RS) procedure as implemented in TURBOMOLE based on the provided σ-potential files for 
water at 25°C.[39] Geometry optimizations carried out for a few selected structures using DCOSMO-RS were virtually identical with the 
structures obtained using COSMO. However, recently DCOSMO-RS was reported to significantly improve activation and reaction 
energies of organic reactions in protic solvent.[40] The two-center shared electron numbers (SENs) were calculated via population 
analysis based on occupation numbers as implemented in TURBOMOLE.[41] The kinetic barrier for the cubane core opening was 
evaluated by calculating an approximate reaction path for this process employing the WOELFLING script with standard settings as 
defined by TURBOMOLE.[42] Molecular structures were visualized using VMD[43] or CYLview.[44] 

Results and Discussion 

In our previous work we reported an energetically possible “distorted” conformation for the S2 state of {LnCo3(OR)4}
[14] (see Figure 1). 

Those structures sparked our interest since they might be part of a different catalytic cycle than the one presented in Ref. 
[14]. We 

therefore investigated this phenomenon further. Starting from the previously described structures, we found even more distorted 
structures – for the sake of brevity in the following referred to as “open” structures in contrast to “closed” ones featuring a closed 
cubane core - which can be used to build a complete catalytic cycle in a consecutive manner. The open structures represent minima 
on the potential energy surface and exhibit elongated Co1-O1 and Co1-O3 bonds that cause Co1 to change its coordination 
geometry from octahedral to tetrahedral (see Figure 1). The larger Co1-O distances allow the water ligand of Co1 to form an 
intramolecular hydrogen bond with O1, that further stabilizes the structure. The open cage motif is reminiscent of observations made 
for the OEC, which is also known to form open and closed cubane core structures.[45,46] Moreover, the reduction of the coordination 
number is similar to a recent postulation of a five-fold coordinated Mn(IV) intermediate in the water oxidation reaction catalyzed by 
the OEC.[47] However, it is important to note that the open/closed conformers of the OEC and {LnCo3(OR)4} are significantly different. 
In the case of the OEC, an oxygen atom is pulled-out of the cubane cage by the dangling manganese opening up the cubane core. 
The catalysts at hand, {LnCo3(OR)4}, do not possess a fourth redox-active transition metal center, further the oxygen atoms which 
form the cubane core are a fundamental part of the hmp ligand and therefore restricted in their spatial movement. The covalent 
linkage of those oxygen atoms to carbon backbone of the ligands is the main reason why we do not expect their involvement in the 
oxygen-oxygen bond formation process, as considered for other model catalysts.[13] In contrast to the OEC where the bridge-site 
oxygen’s can be protonated,[48] no such involvement can be found for {LnCo3(OR)4} because they are coordinately saturated. 
Additionally a geminal oxo-oxyl coupling pathway can be excluded since a cis-dioxocobalt center would be a prerequisite for such a 
pathway.[10,49] Existence of such a species is questionable due to the requirement of a high oxidation state. 
 

 

 
Figure 1. Left: Open cubane core structure of {LnCo3(OR)4} in the S0 state used in this study. The cobalt centers as well as some 
key oxygen atoms are labeled. Note that the ligand framework is identical to the one used in our previous study,[14] but not to the 
reported crystal structure due to ligand exchange.[5] Right: Schematic representation of the open and closed cubane core structures 
of {LnCo3(OR)4} in the catalytic ground state S0 (top). In particular, the Co1-O1 and Co1-O3 bonds are significantly elongated in the 
former. The same is true when comparing the distorted and open conformers of intermediate S2 (bottom). Distances are given in Å. 
 
Possible water oxidation pathways based on a WNA mechanism are given in Figure 2. In the inner circle, water oxidation catalyzed 
by the known closed structures is visualized.The outer circle represents the open forms newly presented in this manuscript. We find 
the open structure of the ground state (S0) to be thermodynamically more stable than the closed one, as indicated by the difference 
in zero-point corrected electronic energy. This trend is reversed for the first intermediate (S1) where the closed structure is more 
stable. However, the energy difference is less than 5 kcal/mol, which indicates - given a sufficiently low energetic barrier in between – 
that the open and closed structures potentially coexist. For the S0 and S1 states, both catalysts {ErCo3(OR)4} and {TmCo3(OR)4} 
show a comparable behavior. An exception to this trend is the second intermediate (S2) where the open structure is 
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thermodynamically more stable in case of {ErCo3(OR)4} while {TmCo3(OR)4} clearly favors the closed structure. The difference can 
be rationalized by comparing some selected bond lengths, namely Co1-O1, Co1-O2, and Co1-O3. The latter are within 0.1 Å of one 
another, when comparing structures of {ErCo3(OR)4}, and {TmCo3(OR)4} optimized with the same spin multiplicity (see Tables S9 
and S10 in SI). However, a low spin configuration on Co1 has been found to be energetically favored in the case of {ErCo3(OR)4}, 
which is not the case for {TmCo3(OR)4} (vide infra; see Table S8 in SI). For the latter, an intermediate spin state is energetically 
preferred where the Co1-O3 bond is elongated by 0.3 Å compared to the low spin state. The elongation of the bond results in 
complete breakage as can be seen from the reduction of the SEN from σCo1-O3 = 0.13 to σCo1-O3 = 0.00. This further leads to a more 
pronounced change of the coordination geometry at Co1. The S2 state plays a key role in the catalytic cycle since the oxygen—
oxygen bond formation by a water nucleophilic attack is supposed to take place there. As for many other cobalt based WOCs[50] this 
reaction is assumed to be rate limiting..[14,15] Comparing the (canonical) frontier orbitals of the S2 structures of {LnCo3(OR)4} we find 
that in case of the open structure the lowest unoccupied molecular orbitals (LUMOs)+X (X = 0,1,..,4), which are supposed to govern 
the nucleophilic attack of a water molecule,[14,15] possess significant contributions of the πCo-O* orbitals and the πhmp* orbitals (see 
Figures S4 to S7 in SI). How the admixing of the πhmp* orbitals to the πCo-O* orbital could benefit a WNA is not obvious. The most 
striking difference between the open and closed structure is the stability of the relevant LUMOs. The latter are significantly 
destabilized in the open form whereas the closed one features energetically low lying accepting orbitals, which in general facilitate the 
nucleophilic water attack. [14,15,51] The reactivity of the S2 state is further characterized by the oxo-oxyl resonance, [52] which in turn is 
defined by the bond order, and therefore the SEN.[41,53] In the open structure the SEN between Co1 and its oxo-ligand (σCo-O : 0.43) is 
reduced by 21% compared to the closed one (σCo-O : 0.54), which is in accordance with an elongation of the bond by 0.07  Å. The 
stronger radical character should potentially enhance the reactivity of the ligand and thereby facilitate the oxygen-oxygen bond 
formation.[11] However for a conceptually similar Mn-oxo system, the radical character alone was found not to be crucial for a WNA.[54] 
 
The energetics of the catalytic intermediates after the WNA shows that the closed structures are always thermodynamically favored 
compared to the open ones. From a structural point of view those intermediates are again very similar for both catalysts, except for 
the orientations of the hydroperoxo and hydroxyl ligands. The increased stability of the closed model might (at least partly) originate 
from an intramolecular hydrogen bond formed between the hydroperoxo ligand and a hydroxyl ligand of the active center (see Figure 
2 and Figures S2 and S3 in SI). This, though, may have been favored due to the use of the implicit solvent model COSMO, which has 
shortcomings with respect to proper inclusion of hydrogen bonding effects.[55] 
 

 
Figure 2. Schematic representation of the catalytic water oxidation mechanism: The inner cycle represents the one based on the 
previously studied closed cubane core structures[14] while the outer hosts the catalytic intermediates with an open cubane core. The 
difference in zero-point-corrected electronic energy between the two conformers is given as 𝐸𝐶−𝑂 =  𝐸𝐶𝑙𝑜𝑠𝑒𝑑 − 𝐸𝑂𝑝𝑒𝑛  in kcal/mol 
(calculated with COSMO). The numbers on the left hand side of the slash correspond to 𝐸𝐶−𝑂 for {ErCo3(OR)4}, the ones on the right 
hand side to {TmCo3(OR)4}. For the sake of clarity only the active center (Co1) and its ligands are shown (see Figures S2 and S3 in 
SI for complete structures). 
 
The high spin state of the Co1 metal center is energetically favored for all open cubane structures except for the S2 state where the 
low spin state (in the case of {ErCo3(OR)4}) and an intermediate spin state (for {TmCo3(OR)4}) are preferred (see Tables S7 and S8 
in SI). However, the different spin states are often within an electronic energy range of less than 5 kcal/mol. The latter is also true for 
the closed structures (except for the S2 state where the intermediate spin multiplicity leads to a significantly lower electronic energy; 
see Table S5 in SI). Those findings suggest that multiple spin states are accessible for each intermediate and energetically 
unfavorable spin-crossing events can be avoided. 
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The free energy differences between the catalytic intermediates and their respective ground state ∆𝐺!"!!! are given in Figure 3. While 
∆𝐺!"!!! for the open and closed structures are similar for the first intermediate (S1), we find that the difference becomes larger along 
the catalytic pathway.. Those findings bring to mind the relative stability of the intermediates (see Figure 2) and indicate that the open 
structures do not improve the thermodynamics. The latter is true for both {ErCo3(OR)4} and {TmCo3(OR)4}, since the free energy 
differences ∆𝐺!"!!! rather increase than decrease compared to the ones of the closed structures. 

 
 
Figure 3. Differences in free energy ∆𝐺!"!!! calculated for {ErCo3(OR)4} and {TmCo3(OR)4} relative to their catalytic ground state 
(S0). 
 
This raises the question whether a change from open to close or vice versa is feasible under catalytic conditions. Therefore the 
energetic barrier for such a structural amendment was calculated in the catalytic ground state (S0) (see Methods for computational 
details). A possible minimum electronic reaction path for the transition from the closed to the open cubane motif is shown in Figure 4, 
the electronic energy barrier is estimated to be 6 kcal/mol for both {ErCo3(OR)4} and {TmCo3(OR)4. The reaction coordinate of both 
catalysts is highly complex involving multiple bonds and angles. In particular the Co1-O1, and Co1-O3 bonds are elongated during 
the transition (see SI, Table 11). Further the intramolecular hydrogen bond between the aqua-ligand of Co1 and the hydroxyl of the 
lanthanide is broken and replaced by a hydrogen bond with O1 (for more details, see Figure S1 in SI). 
 

 
Figure 4. A possible reaction path for the transition from the closed to the open structure in the catalytic ground state (S0) is 
visualized for both {ErCo3(OR)4} and {TmCo3(OR)4}.). The Co1-O1 and Co1-O3 bond lengths are given in Å. 
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Since the structural change is comparable for all catalytic states, we assume the kinetic barriers to be similar as well. The equilibrium 
between the two structures is thus mainly driven by their thermodynamics (see Figure 2). The latter suggests that “mixed” cycles 
composed of both open and closed cubane core structures (see Figure 5) could exist. From the relative stabilities shown in Figure 2 it 
becomes evident that the open motif may only contribute significantly in the ground state (S0) and the first two intermediates (S1 and 
S2). In case of {ErCo3(OR)4} there are two “mixed” water oxidation pathways (see Tables S12 and S13 in the SI for all reasonable 
pathways) which either resemble the thermodynamics of an ideal catalyst as good as an all-closed pathway or even slightly better 
(see Figure 5). A common feature of both “mixed” pathways is the open structure of the catalytic ground state, which however is only 
slightly more stable than the closed one (about 1 kcal/mol). If the first intermediate also remains in its open form, the pathway 
becomes slightly unfavorable by 3 kcal/mol, while the open structure in the S2 state again decreases the free energy difference by 
5 kcal/mol. If we take all possible combinatorial pathways into account, an open-closed-open-closed-closed pathway is found to 
resemble an ideal catalyst best. However, such a pathway would require four transitions from open to close cubane core (or vice 
versa) which - even though the barriers are expected to be reasonably small – is presumably rather unlikely. For {TmCo3(OR)4} there 
is no mixed pathway that is energetically more favorable than the all-closed one. However if solely the first intermediate obtains an 
open cubane core structure the free energy differences increase by only 5 kcal/mol. In summary the all-closed pathway discussed in 
detail in Ref. [14] is still the most likely one from a thermodynamic point of view. Nevertheless, our findings strongly suggest that at 
least for the catalytic ground state (S0) both conformations can coexist.  
 
 
 
 
 

  
Figure 5. Relative differences in free energy for catalytic cycles composed of O(open) and C(closed) conformers; The horizontal line 
represents the thermodynamic limit (i.e. the experimental value of 113.5 kcal/mol at pH 0 required for the oxidation of water). Left: 
Reaction pathways obtained for {ErCo3(OR)4}; Right: Reaction pathways calculated for {TmCo3(OR)4}. 
 
In the following section we will address the effects of the solvation model on the different structures.[56] An inherent problem of many 
implicit solvent models (such as COSMO) is their inability to accurately describe directed bonds such as hydrogen bonds between 
solute and solvent. In order to attenuate this limitation, we additionally carried out DCOSMO-RS[55] calculations (see section Methods). 
In general the thermodynamics of the open and closed forms are only slightly affected by the use of DCOSMO-RS. Except for the 
state S2, free energy differences obtained using COSMO and DCOSMO-RS are within 5 kcal/mol (see Tables S4 and S5 in SI).  
The improved treatment of hydrogen bonding by DCOSMO-RS results in a stabilization of the S2 state by 12 kcal/mol in the case of 
{TmCo3(OR)4} and 9 kcal/mol for {ErCo3(OR)4}, respectively. The latter is in particular important for the oxo-ligand, which mainly 
distinguishes the S2 structure from the previous intermediates. The strength of the solute-solvent interaction might be characterized 
by the surface charge density obtained from COSMO / DCOSMO-RS calculations (see Figure 6). In the case of the open cubane 
structure, a decrease of the surface charge density at the oxo-ligand is observed when DCOSMO-RS is used instead of COSMO, 
suggesting weaker interaction between the solvent and the ligand, while for the closed cubane structure the surface charge density is 
increased at the oxo-ligand implying stronger interactions with the solvent. Relating the weaker solute-solvent interactions in case of 
the open cubane structure to the oxyl-character of the ligand reveals a reduced hydrophilicity of the oxyl-ligand. Recently it has been 
reported that the oxyl-ligand[57] of RuV(bda) (bda : 2,2’-bipyridine-6,6-dicarboxylate) is not susceptible towards hydrogen bonding.[58] 
Those findings are in good agreement with the results from the DCOSMO-RS calculations on the S2 state of {LnCo3(OR)4}. 
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Figure 6. Left: Difference in free energy differences (∆𝐺!"!!!) obtained employing DCOSMO-RS or COSMO for catalytic water 
oxidation by {ErCo3(OR)4} and {TmCo3(OR)4}. Right: Surface charge density maps of intermediate S2 ({TmCo3(OR)4}), obtained by 
using COSMO (top: closed (left), open (right)) and DCOSMO-RS (bottom: closed (left), open (right)).  
 
Going beyond solvent continuum models in analogy to previous work, [14,15,56] the structures were also modeled with an explicit first 
solvation shell derived from a DFT-based MD run (see section Methods for details). A detailed description of the structures can be 
found in the SI (section “Structural Analysis of Explicit Solvation”). Here, we will only address the important features already 
discussed in the context of the implicit solvation model. As mentioned earlier, a proper inclusion of solvent-solute interactions is in 
particular important for the S2 state. When employing explicit solvation, oxo-H distances of ~1.7 Å were found. Such distances are 
within the range of hydrogen bonds between solvent molecules which are in general between of 1.5 - 1.9 Å. The hydrophilic behavior 
of the closed cubane core oxo-ligand was already discussed in Ref 

[14], where prior to the WNA a proton transfer from the attacking 
water to another solvent molecule and finally to a hydroxyl ligand of the lanthanide center was observed. The apparently different 
behavior for conceptually similar catalysts[58] can easily be resolved since the CoIII-oxyl species possess two additional electrons 
compared to RuIV-oxyl, which in term increase the basicity of the oxyl-ligand and therefore favor hydrogen bonding. Another 
consequence of the two electrons is the reduced electrophilicity of the CoIII-oxyl that makes a WNA less likely.[14] Those findings are 
also in agreement with the COSMO and D-COSMO calculations where the oxyl-ligand was found to be hydrophilic. Another important 
feature which might be described more accurately using explicit solvation is the formation of intramolecular hydrogen bonds as 
observed for the state S3. The latter are only observed if the active center (Co1) is in the high-spin state. From an energetic point of 
view such a high spin configuration is only favorable for {TmCo3(OR)4} but not for {ErCo3(OR)4}. A simplistic interpretation of the 
correlation between the preferred spin state and the structure of the catalyst is not possible, since the explicit solvation shell has a 
considerable influence on the orientation of the ligands. Besides structural features, the explicit solvation also influences the stability 
of the open/closed forms. The latter is measured by the free energy differences ∆!!!(∆𝐺!"!!!)  (see Tables S1 and S2 in SI). For 
{ErCo3(OR)4}, the open form of the states S0 to S2 are stabilized by 18 - 26 kcal/mol compared to the closed ones, while for the S3 
and S4 states the closed model is energetically favored. For {TmCo3(OR)4}, there is an increasing stabilization of the open structure 
during the catalytic cycle, starting from 6 kcal/mol at the S0 state and reaching almost 30 kcal/mol in the S4 state. Comparing the 
relative stabilities of the two structural models obtained with implicit and explicit solvation (see Figure 2 and Tables S1 and S2 in SI), 
we find the open structures to be stabilized by the solvent molecules by 15 - 25 kcal/mol in case of {ErCo3(OR)4}, and by 2 - 
40 kcal/mol in the case of {TmCo3(OR)4}, respectively. However, it should be kept in mind that the calculation with explicit solvation 
shell has been carried out within the CP2K package whereas Turbomole was used for the COSMO calculations using different 
settings (e.g. basis set), which lead to additional differences in the electronic energies. To verify whether the stabilization originates 
primarily from the hydrogen bonding network within the solvent or from the opening of the cubane cage, we recalculated the 
electronic energy differences of the cubane structure without solvent molecules (within CP2K). From the absolute differences in free 
energy ∆!!!(∆𝐺!"!!!)  it becomes evident that for both catalysts the open structures of the intermediates of the S0 and S1 states are 
more stable than the closed ones (see Tables S1 and S2 in SI). For the other intermediates, the open and closed forms have either a 
similar stability or the closed one is energetically favored. There is no consistent trend how the explicit solvation affects the stability of 
the intermediates in the S2 and S3 states. The lack of a consistent trend might points towards a major disadvantage of a static 
explicit solvation model. The existence of many shallow local minima on the potential energy surface makes the comparison of 
energies a tedious task since one has to assure to compare the same local minima with respect to the solvation shell. To get a more 
accurate description of explicit solvation approaches, sampling methods such as DFT-based MD might be used as described 
elsewhere.[56] Nevertheless, such methods are significantly more expensive in terms of computational cost and beyond the scope of 
this work. 
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Further, we calculated the barriers for the opening of the {LnCo3(OR)4} cubane core in the catalytic ground state (S0) using NEB 
calculations. Most of the solvent molecules are barley affected by the structural change of the catalyst, only the few molecules close 
to the active center (Co1) are slightly pushed away from their initial positions due to the opening of the cage. For both catalysts 
{ErCo3(OR)4} and {TmCo3(OR)4} electronic barriers of 3.0 kcal/mol were found. The latter are slightly smaller than the ones obtained 
when employing the implicit solvation model, and emphasize that both the open and closed form of the catalytic ground state can co-
exist (see Figure S11 in SI). To compare the relative stability of the intermediates optimized with implicit or explicit. solvation directly, 
electronic energies of the explicitly solvated models were recalculated within TURBOMOLE (with COSMO), where the solvent 
molecules were deleted. As expected all non-optimized structures are higher in electronic energy than the optimized ones (see Table 
S3 in SI). However, the free energy differences are for some intermediates as small as 0.3 kcal/mol. This clearly suggests that the 
open and closed form could coexist for {ErCo3(OR)4}. In case of {TmCo3(OR)4}, the explicitly solvated structures are significantly 
more destabilized compared to the optimized ones by 12 - 30 kcal/mol. 
The preferred spin state strongly depends on the solvation model and the used computational settings. For the explicit solvation 
model (CP2K) (see Tables S6 and S7 in SI), the high spin states are favored for the open model in the S0 and S1 states while for the 
S2 to S4 states a low spin state on the Co1 metal center is preferred. When the solvent molecules were deleted the trend for the later 
intermediates inverts (see Table S8 in SI), and we find the intermediates with a high-spin configuration to be energetically favorable. 
There is a good agreement between the preferred spin states on Co1 for the open structures calculated in TURBOMOLE (with 
COSMO) and the CP2K structures without explicit solvation, recalculated in TURBOMOLE (with COSMO). Nevertheless, there are 
no obvious trends with respect to certain spin states for both the two motifs and the two catalysts. The distinct behavior of 
{ErCo3(OR)4} and {TmCo3(OR)4} is related to structural differences (see Ref. 

[14]
 for a detailed description). The solvation model 

chosen affects the nuclear and electronic structure, which can change the energetic ordering of the spin states. A more accurate 
approach beyond DFT would rely on multireference methods, whose application to the highly complex electronic structure of the 
cubanes presents currently a major challenge, in particular if also solvent effects should be considered. 
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Conclusion 

In summary, we have presented novel structures of the recently presented bioinspired {LnCo3(OR)4} (Ln =Er, Tm) water oxidation 
catalysts. Their cubane core can open giving access to a so-called “open” motif. At least for the first two intermediates of the 
proposed catalytic cycle based on nucleophilic water attack, the two forms (open and closed) are similar from a thermodynamic point 
of view and kinetically accessible. This further suggests that the “open” cube structures actively contribute towards water oxidation, 
which is to some extent reminiscent of recent discoveries regarding the OEC.[45] Comparison of the “open”, “closed” or “mixed” 
catalytic cycle with the one of a thermodynamically ideal catalyst reveals that in general the “closed” structures better resemble such 
an ideal catalyst. However, the increased versatility of the coordination geometry of Co1, which may change from octahedral to 
tetrahedral and vice versa during the water oxidation process, highlights the fact that the ligand environment for those homogeneous 
catalysts is not completely rigid and therefor might play a crucial role in terms of catalytic activity and long term stability. 
 
The unexpected discovery of the novel structure encouraged us to have a closer look at the influence of the solvation model. When 
using an explicit solvation shell without applying sampling techniques such as DFT-MD, care has to be taken that the solvation shells 
resemble the desired local minima. Nevertheless, with an improved description of important solute-solvent interactions structures 
may be found which would not be detected otherwise. The open cubane core structures initially were only discovered using an 
explicit solvation model as well. We were also able to prove that they are minima on the potential energy surface using an implicit 
solvation model. In particular the hydrogen bonding of the solvent and solute appears to play a crucial role in stabilizing certain 
conformations. Especially the solvation of the oxo-ligand in the S2 state as well as the one of the hydroperoxo ligand in the S3 state 
have been found to be affected by the solvation model. Employing DCOSMO-RS revealed a significant difference in the description 
of the oxo-ligand in the “open” and “closed” form compared to the one obtained using COSMO, which might be related to radical 
character of the oxo-ligand. The hydrophilicity of the latter is expected to directly affect the likelihood for a WNA and is therefore 
considered to be a key aspect in modeling water oxidation reactions.  
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structures for {LnCo3(OR)4} (Ln = Er, 
Tm) water oxidation catalysts and 
investigate the influence of implicit 
and explicit solvation on those 
structures. 
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