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ABSTRACT
Phyllomanganates of the birnessite family are the most abundant manganese oxides on Earth and the

strongest inorganic oxidants in the environment. Birnessite controls the oxidative scavenging of cobalt
in soils, lake and marine sediments, and ferromanganese crusts and nodules, leading to enrichments of
the order of one billion times the concentration in solution. However, a detailed mechanistic
understanding of the enrichment processes is lacking. Here, we perform density functional theory
(DFT) calculations to explore the mechanisms of Co(ll) to Co(lll) oxidation on the layer edge and
surface of birnessite nanoparticles. We show that Co(ll) sorption on a layer edge is an unlikely
oxidation pathway. In contrast, Co(ll) sorbed on a Mn(1V) vacancy site exposed on the layer surface
as an octahedral triple-corner sharing (TCS) complex enters the vacancy where it is oxidized to Co(l11)
by a layer Mn(1V) cation, which is reduced to Mn(l11). The stepwise reaction proceeds as follows. The
octahedral TCS complex is transformed to a smaller tetrahedral TCS complex, allowing Co(ll) to cross
the surface oxygen layer and to fill the empty octahedral Mn(IV) site. When in the octahedral vacancy,
Co(I1) is converted from the high-spin (t2g°eg?) to the low-spin (t2g°eq?) state and the Co(ll) octahedron
becomes strongly distorted by the Jahn-Teller effect. Afterward, the electron exchange reaction
between Mn(I1V) (t2g®eg®) and Co(ll) (t2g%e4t) takes place, resulting in the formation of a regular low-
spin Co(lll) (t2g%e4%) octahedron and a Jahn-Teller distorted high-spin Mn(l11) (tzg’eg*) octahedron.
These findings refine previously proposed mechanisms of Co(ll) oxidation by birnessite and fill gaps

in our understanding of global Co sequestration in natural systems.
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1. INTRODUCTION

Manganese dioxides (MnO2) dominate the geochemistry of cobalt (Co) in terrestrial and marine
environments.X2? For example, the partitioning of Co between seawater and marine ferromanganese
crusts is as high as 10°, and the second highest of all chemical elements after lead (Pb).% Evidences for
the strong uptake of Co by MnOz2 has aroused the interest of scientists for decades and led to multiple
sorption and coprecipitation studies aimed to understand the underlying chemical reaction on abiotic
and biogenic MnO2,%2° and the structure, reactivity, and stability of Co-containing MnQ2.3%-33

Early observations of the Co-MnO2 geochemical association in the 1970s invoked the oxidation of
soluble Co(Il) to insoluble Co(I11) by Mn oxide minerals,3-% and first direct evidences were obtained
in 1979-1983 by Murray, Dillard, and Crowther using XPS.33° Mn(1V) was identified as the oxidizing
agent at pH 6.5 based on the detection of Mn(I11) in the birnessite phyllomanganate reacted with Co(ll)
under anaerobic condition. The XPS analysis was revisited by Yin et al.? in 2011. This time, the authors
measured the fractions of Mn(1V), Mn(I11), and Mn(I1) before and after Co(ll) sorption on birnessite at
pH 5, and observed an increase of both Mn(l11) and Mn(ll) on the solid phase. They confirmed that
Mn(1V) was the primary oxidant and explained the occurrence of Mn(l1) by the disproportionation of
two reduced Mn(l11) cations into Mn(IV) + Mn(l1).

Burns® conjectured in 1976 that the edge-shared [MnOs] octahedral layers of birnessite contained
Mn(1V) vacancies like chalcophanite,*># and that Co(ll1) filled the vacated Mn(IV) sites on the basis
of crystal field stabilization energies (CFSE) and steric considerations. Progress on the oxidation
mechanism of Co(ll) remained at a standstill for the following two decades due to the lack of robust
structural model for birnessite. In 1997, Drits et al. “>*3 synthesized and determined the structure of
well-crystallized hexagonal birnessite (HBi) using electron and X-ray diffraction and chemical
analysis. Ever since, nanoparticulate hexagonal birnessite (6-MnQO2) has been identified in soils, lake
and marine sediments, and mineral surface coatings and rock varnish, and is the main MnOz2 species
produced by bacteria and fungi.*->* It is recognized to be the most abundant MnO: species at the Earth’s
surface. 5911205273

The elemental composition of HBi is non-stoichiometric and has for generic formula
H Mn>*Mn2* (Mn;"Mn?'g,)0,,™ in which O denotes an empty Mn(1V) position. The -4 charge
deficit created by a vacancy is balanced by two H* on each side of the MnO:2 layer. Using EXAFS
spectroscopy, Silvester et al.*® found in 1997 that the two protons on one side of a vacancy could be

displaced by Zn(ll) at pH 4 to form an interlayer triple-corner-sharing (TCS) inner-sphere complex at

the surface of the MnO: layers (Figure 1a). The same year, Manceau et al.” described the incorporation
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at pH 4 of Co(lll) into the octahedral vacancies (incorporated INC complex), consecutively to the
oxidation of a Co?CS complex (Figure 1b). Mn(l11) was inferred to be the electron acceptor because

Mn(111) is considered to be a stronger oxidant than Mn(I1V).”>""
Two reaction mechanisms were proposed based on X-ray diffraction, and powder and polarized

EXAFS spectroscopy. The first mechanism can be written

Coggl +0O1+ Mn3L;yer_’ Co?cs"' O1+ MnSL;yer_’CO?I'ES+ 01+ anL;yer_’CO?l:rlc"' 02 + Mn?cysm 1)
where a solution (sol) Co(ll) cation is sorbed on an existing vacancy, is oxidized by a layer Mn(l1l)
cation, and the reduced Mn(l1) cation either migrates to the interlayer forming a MnZts complex

(TCS), or to solution creating a new vacancy. This mechanism can lead to high Co(lll) enrichment

because the density of vacancies remains constant. The second mechanism can be written

Cog*+ Mnigs + 0 — Mng; + Cojg+ 0 — Mngj + Coile (2)
where a Co(ll) cation undergoes oxidation by an interlayer Mn(l11) cation, which is released to solution.
This reaction mechanism decreases the density of vacancies, and therefore diminishes the surface
reactivity of birnessite over time.

In 2012, Yu et al.”® sorbed Co(ll) on abiotic and biogenic birnessite of different crystallinity and

with various proportions of interlayer Mn(l11). They found using EXAFS spectroscopy and elemental
analysis that Co(ll) was oxidized by I\/Ini"gs, which was reduced to Mn(ll) in nearly equimolar

Co(111):Mn(I) ratio. In 2015, Simanova and Pefa?® used quick XANES and EXAFS spectroscopy to
compare the reactivity of the basal and lateral surface sites of §-MnQ2.”*# Two main Co-Mn EXAFS
distances were measured, 2.83-2.86 A attributed to a Co(l11)-Mn edge-sharing (ES) octahedral linkage,
and 3.47-3.50 A attributed to a Co(l1)-Mn corner-sharing (CS) octahedral linkage. When the ES [CoOé]
octahedron is located inside the MnO2 layer (INC complex), the number of nearest Mn neighbors is
six, and when it is located at the nanoparticle edges, it is two for a double-edge sharing complex (DES)
and three for a triple-edge sharing complex (TES, Figures 1b-d). A CS [CoOs] octahedron has six
nearest Mn neighbors in TCS position (Figure 1a), and two in double-corner-sharing (DCS) position at
the nanoparticle edges (Figure 1e). EXAFS coordination numbers (CNs) are the weighted mean of the
coordination numbers of all atoms bonded to 5-MnQOz2. Therefore, the distribution of Co between the
INC and DES sites can be inferred in principle from the CNs of the nearest Co-Mn1 shell at 2.83-2.86
A (ES linkage), and the distribution of Co between the DCS and TCS sites can be inferred from the
CNs of the next-nearest Co-Mn shell at 3.47-3.50 A (CS linkage). Low CNs will reflect preferential



adsorption on lateral surfaces as DES and DCS complex, whereas high CNs will reflect preferential

adsorption on basal surfaces as TCS and INC complex.

Simanova and Pefia?® observed in 2015 that CN(ES) increased from 3.12 + 0.49 after 7 min to 4.13
+ 0.62 after 12 h reaction time at low surface coverage (Co/Mn = 0.05). CN(CS) increased in parallel
from 2.71 £ 0.43t0 5.39 + 1.76. This evolution was interpreted to indicate that Co(ll) is oxidized more
rapidly on lateral than on basal surfaces. The fast oxidation on lateral surfaces was described as follows:

2+ 3+ 2+ 3+ 3+ 2+
COSOl + Mn Layer — C:ODCS + Mn Layer — COLayer + Mng,  (3)

where a solution Co(ll) sorbs as a DCS complex, is oxidized to Co(lll) by a Mni;yer cation, and takes

its position on the layer edge while Mn(l1l) is reduced to Mnézl . TES complexation of Co(Il) was not

considered, and is unlikely to occur, because a TES surface site would have a high interfacial excess
energy and would be immediately filled with a Mn(1V) cation to minimize the Gibbs free energy of the

MnO: layer. The slow oxidation reaction was attributed to reaction 2 of Manceau et al.”® The slow

kinetics was explained by the lack of bridging ligand between the hexahydrated Co_f;, ion and the

MnS3¢ octahedron, and the outer-sphere mechanism of the electron transfer thereof. Wang et al.2?

pursued in 2018 the study of Simanova and Pefia?® and concluded that the Kinetics of oxidation on
vacancy sites is also limited by diffusion process in the interlayer space of the 3-MnO2 nanosheets.
Density functional theory (DFT) modeling of Ni(Il), Cu(lIl), and Zn(Il) uptake by birnessite predicts
that sorption as DES complex is favored over sorption as DCS and TCS complex,® which is consistent
with free edge-shared surface sites being the crystal growth sites of two-dimensional compounds.

Therefore, formation of a COEJCS complex (reaction 3) challenges current understanding of the surface

reactivity of birnessite.

Here, a DFT modeling of the oxidation mechanism of Co(ll) on birnessite was conducted to explore
the oxidation pathways of Co(ll) on the lateral and basal surface sites, and whether the electron acceptor
IS Mn(1V) or Mn(l11). One difficulty of modeling interfacial electron transfer from adsorbed Co(ll) to
structural Mn(111) is to construct realistic non-stoichiometric MnOz2 layers. Elzinga®2-8 showed that

Mn(l11) is labile, using >*Mn radiotracers. Adsorption of Mnszo+I on a Mn(lV) surface site produces
transient  Mn(IlI)-Mn(l11)  pairs by comproportionation, which  subsequently  undergo
disproportionation to regenerate Mnig, and Mn(1V).8287 Therefore, comproportionation needs to be

considered in the generation of the structural models. This study is divided in two main parts. The first
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part focuses on the oxidation of Co(ll) in TCS position, and the second part on the oxidation of Co(ll)
in DCS and DES position on layer edges. Each part is divided in two sections. The first section deals
with the construction of the MnO: layers with and without Mn(l11), and the second section deals with
the Gibbs free energy change (AG) for the complexation and oxidation of Co(ll) on the surface sites of
the MnO2 models.

2. COMPUTATIONAL METHODS

Calculations were performed on cluster models with ORCA 5.0.2%8 using a computational methodology
detailed previously for the complexation energies of Ni(ll), Cu(ll), Zn(l1), and Pb(ll) on birnessite.
Briefly, the DFT hybrid functional PBE0%®° together with the atom-pairwise dispersion correction
D3BJ® has been used. The electronic configurations of all atoms were treated with the all-electron
polarized def2-TZVP basis sets of triple { quality,®? in combination with the Coulomb fitting auxiliary
def2 /J basis sets.®® Frequency calculations were carried out at 1 atm and 298.15 K on cluster models
geometrically optimized with a convergence criterium of 108 Eh between two SCF cycles (TightSCF).
The water solvent was modeled with the continuum solvent model SMD,* and all energies reported
are free energies in solution (i.e., sometimes denoted as AG*) and in kcal/mol. The proton solvation
energy was taken to be —264.0 kcal/mol.*® The potential energy surface of Co(ll) involved along the
TCS — INC reaction was calculated by the stepwise (n = 18) reduction of the dihedral angle of Co(ll)
with three layer Mn atoms. The energetics of the Co(II) — Co(III) electron transfer was modeled using
the minimum energy crossing point (MECP) procedure proposed by Harvey et al.®, as implemented
with the SurfCrossOpt keyword in ORCA.

The accuracy of prediction of AG has been benchmarked previously® with the first hydrolysis
constants of the hexahydrated Mn?*, Ni%*, and Zn?* ions.%” It was shown that AG values for these ions
are calculated reliably within chemical accuracy (1-2 kcal/mol). For example, the experimental and
calculated pKa values for Mn?* are 10.6 and 11.3, respectively. The method accuracy was further
validated here with Co?*: pKa(exp) = 9.7 + 1%, corresponding to AG = 13.2 kcal/mol, and pKa(calc.) =
11.5, corresponding to AG = 15.65 kcal/mol. Therefore, the computational procedure probably tends
to overestimate AG values by approximately 2.5 kcal/mol. The total electronic charges of the cluster

models, and their Mulliken atomic spin densities and multiplicities are listed in Table S1.

3. RESULTS

3.1. Co(Il) oxidation on basal surfaces



3.1.1. Cluster models. The active sites on basal surfaces are Mn(IV) vacancies. Four birnessite
nanolayers composed of 10 octahedral sites in the layer plane were generated (Figure 2). Nanolayers 1

and 2 will be used to test reactions 1 and 2, respectively. The first nanolayer has one Mn(lll) in the
layer plane (Mni;yer) and a fully protonated vacancy. It is denoted as Mn?,’_;yerl\/lng+v and has for
composition MnyOs2Hz6. The second nanolayer has only Mn(IV) in the layer plance (Mnﬁ‘;yer) and a
vacancy capped by a Mn(111) cation on one side ( Mn?T’+CS) and protonated on the other side. It is denoted
as Mn?CSMn;”V and has for composition Mn10OssHso. The third nanolayer also has only Mnﬁ;ye, in
the layer plane, but no Mn3%.. . It is denoted as Mng"V and has for composition MngOs2Hzs. The fourth
nanolayer differs from nanolayer 2 by the replacement of Mnigs with Mn?CS , and has for composition

Mn10OssHso. This configuration was unstable, Mn(Il) underwent comproportionation with a Mnﬁ;ye,

to form a Mn?CS — Mnﬂyer pair. The total energy decreased by 1 kcal/mol when the Mn(111) cations

were antiferromagnetically coupled. The antiferromagnetic model is denoted as Mn%Mnﬁ;rMngW.

3.1.2. Energetics of the oxidation pathways. All oxidation pathways that were explored are listed
in Table 1 with their AG value. According to the mass action law, a reaction with AG > 0 can be
favorable above a given pH when protons are released. In this case, the ratio of the concentrations of
the reactant (R) and product (P) at pH 4 and 7 was calculated from [P]/[R] = Ke/[H*]", where Keq is the
equilibrium constant of the reaction (In Keq = -AG/RT).

] . 4 3 ]
In reaction 1,7> C03;, sorbs on a free vacancy bordered by five Mn; .. and one Mnj; .. Co3) is

oxidized by Mni;yer, and Co?;s migrates into the vacancy (Cof,jc) while MnE;yer either moves in

TCS position (MnZ¢s, pathway 1a) or is released in solution (MnZ;, pathway 1b) (Figure 3). Pathway

la has AG = 4.4 kcal/mol and a net-zero H* balance, whereas pathway 1b has AG = 4.2 kcal/mol and

consumes two H*. Therefore, reaction 1 is thermodynamically unfavorable. As an aside, we note that

the MnZ¢s-Colye pair formed in pathway la was stable; Mn7¢s did not comproportionate with a

Mn{;.. in this configuration.



In reaction 2a,”® CoZy is oxidized to CoSesby Mn3tc, which is reduced to Mn3, (Figure 4).

Afterward, Co?’gs migrates into the vacancy (Cojy ) releasing the two H* located on the other side of
the vacancy (pathway 2b). Pathway 2a has a highly positive AG value of 17.1 kcal/mol, and pathway
2b has AG = -17.7 kcal/mol and [Co%.]/[CO3s] = 9.4 x 10% at pH 7. Pathway 2a is

thermodynamically prohibited, wheareas pathway 2b is spontaneous. If a Co(l1l) occurs on a vacancy,
it will immediately fill it. Reaction 32° occurs on lateral surfaces and will be examined in the following
section.

In reaction 4, CoZ; sorbs on a free vacancy and CoZs is oxidized to Cofye by a Mn (%, which is

reduced to Mni;yer. The net proton balance of the oxidation reaction is -2 if the two H* located on the

other side of the vacancy are released in solution (pathway 4a), or zero if the H* release is balanced by

the adsorption of two H* on the undersaturated oxygens shared by the [Co®*Os] and [Mn®*O¢] octahedra

(pathway 4b, Figure 5). Pathway 4a has AG = 16.9 kcal/mol and [ Co'. /[ Co%es] = 40.9 at pH 7, and

pathway 4b has AG = -5.2 kcal/mol and [Cofﬁc]/[Co?CS] = 6.5 x 103, regardless of pH. Correcting the
two AG values by the estimated 2.5 kcal/mol overestimation of the calculation (section 2) yields AG =

14.4 keal/mol and [ Coxc J/[Co%es] = 2.8 x 103 at pH 7 for pathway 4a, and AG = -7.7 kcal/mol and [

Cof,ﬂc]/[CO%S] = 3.1 x 10° for pathway 4b. This Co(ll) oxidation pathway is thermodynamically

favorable.

In reaction 5, CoZ; replaces Mn3: in the antiferromagnetic Mn%Man;er pair, forming a CoZgg

complex, while Mn3% is reduced to MnZ, by Mni’;;er, which is oxidized to Mnf;, (Figure 5).

Afterward, CO%ES is oxidized following the reaction 4 pathway. In this mechanism, adsorption of CoZ,

reverses the Mn%ESMngyer — Mn%Mnf’;;er comproportionation reaction, and Coégl substitutes for

MnZ according to the CogyMnics «  Co3.Mni' exchange reaction. Reaction 5 is

thermodynamically favorable with AG = -6.7 kcal/mol. We verified that Coggl is not oxidized by

Mn‘?cé in this configuration, as is the case for pathway 2a when I\/In?'CS is not paired with a Mni;yer.

Here, AG of Mn%Mniﬁer — C03esMn{s,, is 22.0 keal/mol compared to 17.1 kcal/mol for pathway



2a. Oxidation of Co(Il) on Mn(lI11)-capped vacancies will be slower than on vacancy sites freed from
interlayer Mn(111).

Because the nanolayers are treated as molecules in DFT geometry-optimization, small cluster
models with a vacancy can experience too much relaxation that would not occur to mineral
(nano)particles, and therefore would lead to wrong interpretation. This cautionary tale was addressed

by increasing to 23 [MnOs] octahedra the size of the nanolayer and by calculating the AG values of
reaction 5 (Mn%Mnﬂ;rMngV—»CO?CSMngV) (Figure S1). AG(5) = -6.3 kcal/mol for the MnzsV

model compared to AG(5) = -6.7 kcal/mol for the MngV model (Table 1).

3.1.3. Oxidation mechanism of Co(ll) on vacancies. To be examined now is how Co(ll) enters the

vacancy site and is oxidized by Mn(IV) during reaction 4 (CoieMni;, — CojycMnii, ). We
interrogated first if the electron transfer occurred between Co?&s and Mnﬁ;yer before the entry into the

vacancy site. This was performed by optimizing the geometry of CoiESMnf;yerMn?V , with the d® Co®*

ion in low-spin state (t2g%4°, S = 1), and the d* Mn** and d® Mn** ions in high-spin state (t2g*eg?, S = 5;
tog’eg®, S = 4, respectively, St = 29). On analysis of the spin electronic densities (p) obtained through
the Mulliken population analysis, Co had p =0.94 (S ~ 2) and all the Mn atoms had p ~ 3 (S ~ 4) in the

+

optimized structure. Thus, the thermodynamically most stable complex is CoZ¢s°Mng™V when the total

spin is 29, with the d’ Co?" ion in low-spin state (t2g%¢!, S = 2), instead of its usual high-spin state

(t2g°eg?, S = 4). The unpaired electron in the ey orbitals of low-spin Co(ll) leads to a Jahn-Teller

distortion of the [C056s05(H,0),] octahedron with d(Co-Ozmn) = 1.96 A, 1.99 A, 2.14 A and d(Co-H-0)

=2.04A,205A, 222 A still, astable CojcMn?;, Mng*V complex could be obtained by enforcing
a Mn(l11) octahedron in the layer, but the total electronic energy of the complex was 12 kcal/mol higher

than that of CoZge°Mng'V.

This finding suggests that the Costs®Mn,™V complex may be a stable intermediate state, in which
Co(Il) now possesses a single unpaired electron, which is transferred to Mnﬁ;yer yielding the

CopeMn{s, MngV reaction product. The CoZgs®Mng"V complex is AG = 19.2 kcal/mol higher in

energy than the CofesMng*V reactant complex. The Co3esMn{s, Mng"V complex is further higher with



AG = 28.7 kcal/mol. We show below with a PES scan, that the hypothesis of a
CofesMnlae > Cotes My, — CojcMni,,, reaction pathway is not supported.

The reactant complex (R) of the PES scan was CO?CSMn;”Vd (Stot = 31) and the product complex (P)

was CO,ZQCMngH with the two protons from the opposite side of the vacancy removed to avoid

obstructing the migration of Co (V4 denotes a deprotonated vacancy). Note that the spin state cannot
be changed during a PES scan. The PES has a double-hump profile, characteristic of the occurrence of
an intermediate product (IP1) bracketed by two transition states (TS1, TS2) (Figure 6). The IP1 state is

a tetrahedral complex ('VCO-ZFESMn?Vd), in which Co(ll) is bonded to the three surface O2m atoms at

1.92-1.95 A and one water molecule at 2.06 A, and resides in the high-spin state (Figure 7). The
transition from the octahedral to the tetrahedral coordination occurs via the loss of a first water molecule
on the way to TS1. In the actual transition state (Video S1), a second coordination bond between a
water molecule and Co?" is broken (v =98 i cm™, single negative frequency calculated at PBEQ/tzvp-
D3BJ level), providing a tetrahedral complex (IP1) behind. In IP1, the two expelled water molecules

are hydrogen bonded to the oxygen atom of the remaining water molecule coordinated to Co?*. The
penetration of 'VCO%S in the vacancy is shown in Video S2, which represents the imaginary frequency

of TS2 (v = 1308 i cm™, single negative frequency calculated at PBEO/tzvp-D3BJ level). The three
surface O2m atoms move away from Co (d(Co-Oz2m) = 2.01-2.10 A) to enlarge the effective size of the
trigonal aperture, while the three basal O2m atoms move upward to d(Co-O2m) = 2.3-2.5 A to bond the
entering Co atom. VCo(ll) looses its water molecule when the distance to the basal O2mn atoms is 2.2
A. At this step, Co(ll) is located slightly below the surface oxygen plane of the octahedral cavity with

d(Co-Ozwmn) = 2.0 A. Animations of the PES scans for the CoeMng"V, — Coa-Mng" and the

CoZt M5V, — Coix-Mnj; pathways can be viewed in Videos S3, and S4, respectively.
The first potential energy barrier is AE(TS1-R)* = 7.2 kcal/mol relative to R, and the second is
AE(TS2-1P1)* = 3.0 kcal/mol relative to IP1 (Figure 6). The Gibbs free energy differences AG*(TS1-

R), AG*(TS2-1P1), and AG(IP1-R) were calculated to be 4.4 kcal/mol, 2.4 kcal/mol, and -0.4 kcal/mol,
respectively (reaction 7a, Table 1, Figures 7 and S2).

The release of the two basal protons located on the other side of the Mn(IV) vacancy during the

migration of Co(ll) is challenging to model, and therefore was omitted. A sense of how much they

modify the energetic of the Coes — ' Co%es reaction was obtained by calculating the PES scan with
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two protons bonded to the basal Oz2mn atoms. The energy difference between IP1 and R increased from
-0.4 kcal/mol to 4.2 kcal (reaction 7b, Table 1, and Figure S2), and d(Co-O2zmn) increased from 1.92-
1.95 A to 1.94-1.96 A. In real situation where the vacancy is protonated, the two basal protons are
likely released during the migration of the tetrahedral complex into the octahedral cavity, and they raise

the TS1 barrier from AE¥(TS1-R) = 7.2 kcal/mol to AE*(TS1-R) = 19.4 kcal/mol, but not the TS2
barrier relative to IP1 (AE*(TS2-1P1) = 3.0 kcal/mol).

Modeling of the oxidation state switching of Co(ll) and Mn(IV) after the MECP procedure of
Harvey et al.*® shows that Co(ll) undergoes a spin flip inside the vacancy allowing for interconversion
between the quartet (S = 4) tag’eq? spin state and the doublet (S = 2) t2g®eq® spin state (Figure 7). The

— Cofvs®Mnt:  reaction is AG = 0.1 kcal/mol when protons are

Gibbs free energy of the Co%eMn;" Layer

Layer
omitted (reaction 8, Table 1, and Figure S2). Finally, Cof,jc is formed through the energetically

favorable reaction Coivs>Mn. — COE*Mn™. (AG = -17.7 kcal/mol, Figure 7).

3.2. Co(l1) oxidation on lateral surfaces

3.2.1. Cluster models. Two birnessite nanolayers composed of 7 octahedral sites were generated

(Figure 8). Nanolayer 1 has one Mnﬁ;yer at the surface and will be used to test reaction 3, and nanolayer
2 has only Mn‘f;yer and will be used to test the oxidation of Co(ll) by a surface Mn(I1V). Nanolayer 1

is denoted as Mn Mn¢" nanolayer 2 is denoted as Mnj*, and they both have for composition

Layer
Mn7024H1s. The [MnOs] octahedra exposed to the surface share two (DES linkage) or three (TES
linkage) edges with the nearest octahedra, and therefore a surface Mn(lll) cation may occupy two

positions in nanolayer 1. This cation results most likely from the comproportionation of a sorbed Mn(ll)
cation on the DES or TES surface sites and a layer Mn(I1V) cation. Therefore, the linkage of Mnf;yer
in nanolayer 1 was assessed by optimizing the structure of a anl;ESMn;H and a Mn?ESMngH nanolayer

(Figure S3) A Mn2D+ES complex is stable, whereas a Mn%’gs complex undergoes comproportionation

+

with a Mnﬁ;yer to forma Mn?’ESI\/In‘aner pair. Therefore, the surface Mn(l11) cation was placed in TES

position in nanolayer 1 (Figure 8a).
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3.2.2. Energetics of surface complexation and oxidation pathways. Co(ll) can form a DCS or a

DES complex on nanolayers 1 and 2 (Figure 9). The two complexes are bonded to one Mni“;yer and to
one l\/lnl_ayer in nanolayer 1 (MnLayerMng”) and to two l\/lnl_ayer in nanolayer 2 (Mn7 ) (Figures 9 and
S4). The Gibbs free energies of complexation of the four configurations are: AG( CoDCS Mnf;yerMn“+

) = -23.2 keal/mol; AG(Codes-Mnj") = -16.5 keal/mol; AG( COpgs - Mnt;, Mng™) = -12.1 keal/mol;

AG(CODES-Mné”) = -18.1 kcal/mol (Figure S4). Co(ll) has a higher affinity for Mn(lll) than for

Mn(1V) in DCS position, and a higher affinity for Mn(IV) than for Mn(lll) in DES position.

Complexation on a DES site releases one proton, and no proton on a DCS site. At pH 7, the calculated
[ Codes -Mnis,Mng /[ Mng; ] ratio is 1.0 x 107, and the [ COpq -Mn3*1/Mng; ] ratio is 1.8 x 10%.

Therefore, formation of a DES complex is preferred over that of a DCS complex, as is the case for the
complexation of Ni(Il), Cu(Il), and Zn(11).8!

In the oxidation reaction 3, solvated Co(Il) forms a Co3s complex on a Mnf;yerMngH surface site,
transfers an electron to Mn{}.., which is reduced to Mn;;, and the oxidized Cops species fills the
vacant Mni;yer site (Figure 9a).%® This pathway is thermodynamically unfavorable with AG = 34.1
kcal/mol (Table 1). Mnﬁ;yer is the oxidant in reactions 9 and 10, and the reduced Mni;yer cation
remains in the structure forming a COI_ayer Mnl_ayer pair (Figures 9b,c). Reaction 9 involves a CoDCS

complex and has AG = 19.5 kcal/mol and reaction 10 involves a COZ,;ES complex and has AG = 21.1

kcal/mol. The two pathways are also thermodynamically unfavorable. Other pathways were tested, but

we could not find any which was energetically favorable on lateral surfaces.

4. DISCUSSION

Computational chemistry reveals an evolving new view of the oxidation mechanism of Co(ll) on
hexagonal birnessite. According to the predictive thermodynamic models explored in this study, Co(ll)
is not oxidized on MnO:z layer edges but on vacancy sites on basal planes. VVacancy sites are known to
form strong TCS complexes with divalent metals, and to be involved in electron exchange reaction
with  Mn(lll) and Mn(lV).1119.20.334354-6069.70.7899-123  They facilitate photoconductivity and

photoreductive dissolution of the MnOz layer.82°%124 Although Mn(lIl) has a strong electron affinity
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and is usually regarded to mediate the oxidative activity of birnessite, whether it is bonded over a

vacancy (Mn3cs ) or is incorporated in the lattice ( Mnf;yer),82*84'125*131 our results are at odds with that

interpretation for the oxidation of Co(ll) to Co(lll). We found that Co(ll) sorbed on a vacancy site (
CO?CS) is oxidized to ComC by a layer Mn(IV) in the vacancy. This molecular mechanism is consistent
with the increase in Mn(I11) content measured by XPS.3%2

Co(11) undergoes successively a coordination change from octahedral (' CoesMn{},, ) to tetrahedral

("CofesMnise ) to enter the vacancy site followed by a quartet (tzg%eq?, S = 4) to doublet (tzg%q?, S =
2) to singlet (t2g%°, S = 1) spin transition during its oxidation to Co(l11). The potential energy barriers

for the octahedral to tetrahedral conversion (CO7esMnis, — " CoicMnly,, TS1) and for the

penetration of the tetrahedral complex into the vacancy (TS2) are as low as AE* = 7.2 kcal/mol and 3.0
kcal/mol, respectively. This can be understood in light of the d’ electronic configuration of Co(ll) with
regard to that of Ni(ll) (d®), which can also enter the vacancy sites.>*°"132 The TS1 and TS2 barriers of
Ni are 14.4 kcal/mol and 3.0 kcal/mol, respectively (Figure 6). The 7.2 kcal/mol difference in height
of the TS1 state for Co and Ni can be explained with reference to their difference of crystal field
stabilization energy (CFSE) in octahedral and tetrahedral coordination. An electron gains -0.4 A in one
of the orbitals of the tzg levels and looses +0.6 A in one of the orbitals of the eg levels, where A is the
crystal field splitting parameter.®** A high-spin Co?* ion acquires a CFSE of -0.8 Aot in octahedral
coordination and -1.2 At in tetrahedral configuration, and a high-spin Ni?* ion acquires, respectively,
a CFSE of 1.2 Aoct and -0.8 Aet. Taking Atwet= 4/9 Ao,'** we can calculate the difference in CFSE
between octahedral and tetrahedral geometries by referencing everything in terms of Aoct. The net
difference is 0.27 Aoct for Co(Il) and 0.85 Aoct for Ni(ll), and therefore the gap between the two
coordinations and height of the TS1 state are smaller for Co(ll) than for Ni(ll).

Turning to the height of the TS2 state, the close correspondance for Co(ll) and Ni(ll) can be
explained now with reference to the similarity of their effective ionic radii in tetrahedral coordination
with r("VCo? = 0.58 A) and r("YNi?* = 0.55 A).1%* The decrease in size of Co(ll) and Ni(ll) resulting
from the octahedral to tetrahedral coordination change facilitates the passage through the small
triangular-shaped aperture delimited by the three O2mn atoms at the surface of the MnO: layer.

The d’ electronic structure of Co(ll) also confers special characteristics on Co(ll) systems regarding
the interconversion between the high-spin (t2g°e¢%, S = 4) and the low-spin (t2g%q!, S = 2) states.

Unpaired electrons can easily undergo spin inversion and both spin states configurations are known in
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six-coordinate Co(ll) complexes.*® The single electron in the eq orbitals induces a strong Jahn-Teller
effect inside the vacancy site with predicted d(Co-Oeq) = 1.88-1.90 A and d(Co-Oax) = 2.27 A. A

significant result is that the intermediate Coas"Mng"V complex is thermodynamically as stable as the

+

initial Co5eMng™V complex (AG = 0.1 kcal/mol). Formation of the Coas*Mng™V complex is followed

by an electron transfer from a low-spin Co?* ion to a high-spin Mn** ion (t2g%e¢%), which is reduced to
high-spin Mn3* (t25%t) while Co?" is oxidized to low-spin Co®* (t2g%4%). The Co**-O distances of the
resulting [CoOs] octahedron are regular (d(Co-O) = 1.90-193 A), whereas the Mn®"-O distances are
distinctive of a Jahn-Teller distorsion with d(Mn-Oeq) = 1.90-1.92 A and d(Mn-Oax) = 2.19-2.21 A. The
close match between the low-spin Co?*-O and high-spin Mn®*-O distances is consistent with the
similarity of the ionic radii for the two metal ions (low-spin Co?* = 0.65 A, high-spin Mn®* = 0.645
A).1** Formation of the low-spin t2g°eq' Co(l1) configuration makes it easier for an eg electron to transfer
to the ey orbitals of a tag®e® Mn** jon and stabilization of the final t2g®eq® Co(lll) - tag®eqt Mn(I11)
configuration. The oxidation state switching is predicted to be highly exergonic (AG =-17.6 kcal/mol).
The question remains as to which reaction step is rate limiting in the stepwise

TS1 TS2
2+ 4+ IV A2+ 4+ 2+,LS 4+ 3+ 3+ .

The release in solution of Mn(ll) that accompanies the oxidation of Co(ll) is interpreted usually as
evidence for Mn(l11) acting as the electron acceptor. In the new model, aqueous Mn(ll) measured by

chemical analysis during the oxidation of Co(ll) results, at least partly, from the stepwise

2+

into MnZeMn* . followed by the substitution of Co3ts for Mnits

disproportionation of Mn3t ,Mn®* Layer

Layer
and release of Mn(ll) to solution. The chemical formula of well-crystallized hexagonal birnessite is

typically H; ,sMnd Mt (Mngh,,MnS' 0 167)0, - (H,0),5, at pH 5,7 and the chemical formula of
Na-exchanged 5-MnOz is typically H{,,Nag,Mn3:.(Mng5,Mn3,,0,1,)0, - (H,0), 75 at pH 6.5 The [

MnSt 1/ Mnf;yer] ratio is close to one, which suggests that the majority of the Mn(l11) cations are formed

4+

by comproportionation of a Mnjts and MN ayer

yielding discrete Mn?CS-MngL;yer pairs in the structure.
These pairs are metastable,® and the comproportionation reaction is reverted in the presence of Co(Il)
(AG = -6.7 kcal/mol, reaction 5, Table 1). DFT calculations show that Mn?CS is also replaced with

Ni(IT) (AG = -6.3 keal/mol), Cu(IT) (AG = -6.9 kcal/mol), and Zn(II) (AG = -7.5 kcal/mol). These metals

inhibit formation of Mn(111) through comproportionation.**¢437

13



3+

Aqueous Mn(ll) may also result from the disproportionation of two Mn;.

According to the
proposed oxidation mechanism, Mni;yer build up with time in the MnO: layer, and therefore could be

subject to Mni;yerMni;yerﬁ Mnf;yer+ o + MnZ, disproportionation, as occurs in the conversion of

buserite (10 A birnessite) to hexagonal birnessite.** This mechanism may explain the decrease of the
amount of Jahn-Teller distorted Mn(I11) octahedra in Co(ll)-reacted birnessite at high Co/(Co+Mn)

molar ratios.®° Should this be the case, the disproportionation reaction would create Mnﬁ;ye, -vacancy
pairs capable of oxidizing new Co?* ions. The reaction can be written

2+ 3+ 4+ 3+ 3+ 3+ 3+ 4+
COg + 01+ Mn Layer Mn Layer CojncMn Layer Mn Layer COINCMnLayer

+ 02+ MnZ),
and is equivalent to the balanced reaction 1. A similar mechanism with production of new vacancy sites
was proposed for the oxidation of Cr(I11) to Cr(VI) by birnessite.1%3

Existence of an intermediate low-spin Co(ll) species in the oxidation pathway on vacancy sites
provides a hint for the lack of oxidation on the edge sites. Co(ll) switches easily between the high- and
low-spin states in inorganic complexes depending on the molecular environment.**>!38 |n the case of
birnessite, the tag’es? — t2g%4* spin transition is likely driven by the dimension of the empty Mn(1V)
layer site. This site can accommodate a Mn®* ion having a size of 0.645 A compared to 0.53 A for
Mn**.#2 With a size of 0.65 A, a low-spin Co?* ion is a better match to the dimension of the vacancy
than a high-spin Co?* ion (r = 0.745 A).13* The t2g®eq! electronic configuration of low-spin Co(ll)
enforced by steric constraints facilitates the electron transfer to the unoccupied eq orbitals of Mn(1V).
Steric constraints do not exist on edge sites, and high-spin Co(ll) is the stable conformation (reaction
10, Figure 9c, Table 1). Therefore, the t2g®eq! electronic configuration of low-spin Co(lIl) appears to be
key condition for the transfer of an electron between the eq orbitals of Co(ll) and Mn(1V), a condition
which is not fulfilled on the edge sites.

Results of this study call into question the proposal by Simanova and Pefia®® that oxidation occurs
on both the MnO2 edges and layer vacancies. The number of Mn atoms measured by EXAFS
spectroscopy in the nearest (CN(ES)) and next-nearest (CN(CS)) shells increased from CN(ES) = 3.12

+ 0.49 and CN(CS) = 2.71 £ 0.43 after 7 min reaction time to CN(ES) = 4.13 + 0.62 and CN(CS) =
5.39 + 1.76 after 12 h reaction time at low surface coverage (Co/Mn = 0.05). Because EXAFS
coordination numbers are averaged over all Co atoms present and are normalized on a per Co basis,
CN(ES) = 3.12 £+ 0.49 and CN(CS) = 2.71 £ 0.43 can be interpreted as about 50% Co atoms in TCS
position (CN(CS) = 6) and 50% in INC position (CN(ES) = 6) within uncertainty. CN values obtained
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after 12 h reaction time are problematic. The sum of Mn neighbors (4.13 + 5.39 = 9.52) exceeded the
structural maximum of 6, even after consideration of uncertainty ((4.13-0.62) + (5.39-1.76) = 7.14). In
addition, the majority of the Debye-Waller parameters (o), which account for the distribution of
interatomic distances, were lower for the Co-Mn shells than for the Co-O shells. This is physically
unrealistic because structural order decreases (i.e., o increases) with radial distance in solid matter.
Furthermore, the Co-CS distance decreased from 3.48-3.50 A after 66 min reaction time to 3.43 A after

12 h. The shortening was attributed to Co%gs-Mn{ 4 atomic pairs resulting from the oxidation of Co(1l)

by interlayer Mn(l1l) with formation of a Co(lll1)-TCS complex and release of MnégI (reaction 2a).
This pathway is thermodynamically unfavorable (AG = 17.1 kcal/mol). The Co-Mn distance of 3.43 A

can be attributed instead to Co'.-MnStcatomic pairs formed at longer reaction times by the

readsorption and comproportionation of MnégI on vacancy sites adjacent to Cof,jc. Therefore, in our

opinion the DFT results do not necessarily conflict with the EXAFS data of Simanova and Pefia.?®

In summary, extensive quantum mechanical calculations of the oxidative scavenging of Co(ll) by

birnessite nanolayers led us to identify two new intermediate products. One IP is a tetrahedral CoZcg

complex, which facilitates the crossing of the surface oxygen layer to reach the underlying Mn(I1V)

cavity in reducing the effective ionic radius of Co(ll). The same coordination change occurs for Ni(ll).
The other IP is a low-spin Copy. complex, which facilitates the electron transfer between the eg orbitals

of Co(I1) and Mn(1V), producing Co(lll) and Mn(l11). This study also provides new insight into the

origin of Mn(ll) measured in solution during the oxidation reaction. DFT calculations show that the

Mn?cs complex is unstable and undergoes comproportionation with a layer Mn(IV) cation, forming

MniES—Mni;yer pairs. In the presence of Co(ll), the opposite disproportionation reaction occurs,

releasing Mn(I1) in solution and reforming a layer Mn(1V), which subsequently may oxidize the Co?CS

complex. The layer Mn(l11) cations resulting from the oxidation of Co(ll) may also disproportionate,
producing Mn(IV) and soluble Mn(I1) and creating a new vacancy site. This site may be prone to Co(ll)
sorption, thereby maintaining the oxidative activity of the MnO: layer. Results of this study will help
understanding the oxidation of Co(Il) to Co(lll) in MnO2-based batteries and catalysts 39148
Experimental studies are needed to test the effect of oxygen vacancies'“®*>® on Co(l1) oxidation and to
allow consider this effect in DFT modeling.
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FIGURE CAPTION

Figure. 1. Polyhedral representation of Co-birnessite surface complexes. (a) triple-corner-sharing
(TCS) complex wherein a [Co(I1)Os] octahedron binds to the three doubly-coordinated oxygen atoms
(O2mn) surrounding a vacancy site of the MnO: layer. (b) Incorporation (INC) of Co(lll) into a vacancy.
(c) Double-edge-sharing (DES) complex wherein a [Co(11)Os] octahedron binds to two singly- and one
doubly-coordinated oxygen atoms at the layer edge. (d) Triple-edge-sharing (TES) complex wherein a
[Co(11)Os] octahedron binds to two singly- and two doubly-coordinated oxygen atoms at the layer edge.
(e) Double-corner-sharing (DCS) complex wherein a [Co(I1)Os] octahedron binds to two singly-
coordinated oxygen atoms at the layer edge. Mn(IV) octahedron = gray; Co(ll) octahedron = cyan;

Co(I11) octahedron = blue; oxygen = red, proton = gray.

Figure 2. Polyhedral representation of the four MngV-type nanolayers used to model the oxidation of

Co(ll) on basal surfaces. (a) Nanolayer 1, Mnf;yerMnSV. (b) Nanolayer 2, Mn?CSMnQV. (c) Nanolayer

3, MngV. (d) Nanolayer 4, Mn%Mnﬂ;rMnBV. Mn(IV) octahedron = gray; Mn(lll) octahedron =

purple; oxygen = red, proton = gray.
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Figure 3. Schematic pathways of reaction 1. Co(ll) adsorbs as a TCS complex at a vacancy site, and is
oxidized as an INC complex by an adjacent Mn(l11) in the layer. Reduced Mn(ll) forms a TCS complex
in pathway 1a, and is released to solution in pathway 1b. Mn(1V) octahedron = gray; Mn(I11) octahedron
= purple; Mn(1l) octahedron = dark red; Co(ll) octahedron = cyan; Co(lll) octahedron = blue; oxygen

= red, proton = gray.

Figure 4. Schematic pathways of reaction 2. Mn(lll) from a Mn(ll1)-TCS complex reacts with a
hexahydrated Co?* ion (a). Co(ll) is oxidized by Mn(lll), which is reduced to hexahydrated Mn?*
(pathway 2a) (b). Afterward, Co(lll) fills the vacancy site (Pathway 2b) (c). Mn(IV) octahedron = gray;

Mn(111) octahedron = purple; Co(lll) octahedron = blue; oxygen = red, proton = gray.

Figure 5. Schematic pathways of reactions 4 and 5. In reaction 4, Co(ll) adsorbs as a TCS complex at
a vacancy site (a), and is oxidized as an INC complex by an adjacent Mn(IV) in the layer. The two
undersaturated oxygens bonded to Mn(1V), Mn(l11) and Co(lll) are deprotonated in pathway 4a (b),

3+7

and protonated in pathway 4b (c). Reaction 5 involves the disproportionation of a Mn%MnLayer pair

(d) by a Co(Il)-TCS complex (a), which is subsequently oxidized to a Co(I11)-INC complex through
reaction 4. Mn(1V) octahedron = gray; Mn(l11) octahedron = purple; Co(ll) octahedron = cyan; Co(lIl)

octahedron = blue; oxygen = red, proton = gray.

Figure 6. Releaxed potential energy surface (PES) scan of the migration of Co(ll) and Ni(ll) into a
deprotonated Mn(IV) vacancy site. The torsion angle is defined as a dihedral angle between Co/Ni and

three Mn atoms. The two reactants (R) are an octahedral TCS complex (Me%ESMng”Vd) over a fully

deprotonated vacancy (Vd) and the two products (P) are an INC complex (Mef,jCMn;”). The

intermediate product (IP1) is a tetrahedral complex over the vacancy site ('V Me%ESMn;”) . The oxidation

and spin states of Co cannot be changed during a PES scan, and therefore the variation of the electronic
energy (AE = -11.2 kcal/mol) is higher than when Co(1l) is oxidized to Co(lll).

Figure 7. Energetic span model of the oxidation of Co(ll) to Co(lll) on deprotonated Mn(1V) vacancy
sites in birnessite. Co initially forms an octahedral Co%ESMn;”Vd complex (reactant, R) and goes

through transition state TS1 to reach the intermediate product (IP1), in which Co(ll) is tetrahedrally
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coordinated ('VCO%SMn;”Vd complex). The potential electronic energy of TS1 is AE* = 7.2 kcal/mol

higher than that of R (AG* = 4.4 kcal/mol). IP1 is as stable as R (AE = 1.5 kcal/mol, AG = -0.4 kcal/mol,
reaction 7a, Table 1). When the vacancy is protonated, AE(IP1) = 5.5 kcal/mol and AG(IP1) = 4.2
kcal/mol relative to R (reaction 7b). Then, IP1 surmounts a potential activation barrier of 3.0 kcal/mol

(AG* = 2.4 kcal/mol) to form a second intermediate product (IP2), in which Co(ll) is in low-spin state
(t2%eq?) and occupies the center of the vacancy (¥ Coae"Mng™ complex). IP2 is also as stable as R (AE
= 1.7 kcal/mol, AG = 0.1 kcal/mol , reaction 8). Finally, the eq electron of Co(ll) is transferred to a
Mn** ion to form the reaction product (P, Co,g,jcMnf;yerMng1+ complex, AE = -16.4 kcal/mol and AG = -

17.6 kcal/mol relative to R, reaction 6, Figure S2). When the vacancy of the reactant is protonated,
protons are likely released in the course of the migration of the VCo?* ion into the empty Mn** site.
Mn(IV) octahedron = gray; Mn(l11) octahedron = purple; high-spin Co(ll) octahedron = cyan; low-spin
Co(Il) octahedron = light blue; Co(l11) octahedron = blue; oxygen = red, proton = gray.

Figure 8. Polyhedral representation of the Mn3+Mn§51+ @, and Mn;1+ (b), nanolayers used to model the

oxidation of Co(ll) on lateral surfaces. Mn(IV) octahedron = gray; Mn(111) octahedron = purple; oxygen

= red, proton = gray.

Figure 9. Schematic pathways of reactions 3, 9 and 10. In reaction 3, Co(ll) adsorbs as a DCS complex
on a nanolayer edge, is oxidized by an adjacent Mn(l11) in the layer and replaces reduced Mn(l1), which
is released to solution (a). In reaction 9, a Co(I1)-DCS complex is oxidized by a an adjacent Mn(1V) in
the layer and forms a Co(l11)-DES complex (b). In reaction 10, Co(ll) adsorbs as a DES complex and
is oxidzed to a Co(l11)-DES complex by an adjacent Mn(IV) in the layer (c). Mn(IV) octahedron =
gray; Mn(111) octahedron = purple; Co(ll) octahedron = cyan; Co(lll) octahedron = blue; oxygen =red,

proton = gray.
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Table 1. Gibbs free energy change (AG in kcal/mol) and ratio of the concentrations of the Co(l11) and Co(Il) complexes at pH 4 and 7

for all oxidation reactions modeled by DFT.

ID Nanolayer Chemical reaction AG | [P)[R], pH4 | [PVIR], pH7
la | Mnii Mng"V | CofcsMnis, — Cope+ Mnicg 44 | 59x10* | 59x10*
1 | Mni Mng"V | CofggMnty, + 2H' + 3H,0 — Cope+ MnZ; 42 | 83x10%2 | 83x1018
2a Mn3tMng*V CoZ, + Mn3s — Colrs + MnZ, 171 | 29x108 | 29x10™
2b Mn3tMng"V Co¥t, — Co¥'. + 2H" + 3H,0 177 | 9.4x10° | 9.4 x10%
3 MniLMng" | CodesMnis,, + 3H,0 — Colgg+ Mni; 341 | 1.0x10% | 1.0x10%
4a Mng'V CofesMN{ye — CONeMNTye +2H" + 3H,0 169 | 4.1x10° 40.9
4b Mng™V CofesMN e — COpMNLy e 2H' + 3H,0 52 | 65x10° 6.5 x 10°
5 | MnigMnl MgV | CoZ; + MngMnd, — ColeMnfs, + MnZ) 67 | 81x10* | 81x10*
5 | MniMn MgV | CoZ + MnMndl, — ColeMnfs, + MnZ) 63 | 41x10* | 4.1x10*
6 Mng™V, CoTesMN e — CONMN e 176 | 8.0x102 | 8.0x10%
7a Mng™V, CofesMN e — ' COzesMNyy -0.4 2.0 2.0

7b Mng"V CofesMNye — " COTeMNL e 42 | 83x10* | 83x10*
8 Mng*V, CofesMNyye — COpes MN (%, 0.1 1.0 1.0

9 MnZ* CopesMN{he — COeMNty, + H +3H,0 | 195 | 51x101 | 51x10°
10 Mn3* CopesMnihe — COcsMNyL . 211 | 34x10% | 34x10%
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Supplementary Table

Table S1. Total electronic charge, Mulliken atomic spin density (p), and multiplicity of the complexes

Figure Complex Charge | Spin density | Multiplicity

o 3+ Co:2.81

3 CofesMny e, -3 Mo 3.97 32
Co: 0.02

3 2

3 CopneMnicg -3 Mn 491 30

3 CopcV 3 Co: -0.01 25

4 Mn7t -1 Mn: 4.02 32

4 Cores -1 Co: 0.04 28

4 Conte 3 Co: 1.95 28
3+ 3+ Ml’l: 3.97

5 MnTCSMnLayer -2 Mn: 4.04 33

5,82 CotesMnfsy,, 2 Co: 2.81 31
3 3 Co: 0.00

5 CopneMn ;. -4 M- 3.93 29
Co: 0.00

C 3+ M 3+ 2H+ _

> e sy 2 Mn: 3.94 29

7,82 CoresMni;. Yy -4 Co: 2.81 31

7,82 | "V CojeeMni}, Y, 4 Co: 2.82 31

7,S2 Copie“Mnfs,, -4 Co: 0.96 29
3+ 3+ CO: OOO

7,82 CopcMnit, 4 Mo 3,95 29
2+ 3+ CO: 281

9 CoDCSMnLayer -1 Mn: 4.02 26
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9 Cortg -3 Co: 0.02 19
9 CopesMnfy,, 0 Co: 2.81 25
Co: 0.02
C 3+ M 3+ _
? Opes M Layer ! Mn: 4.00 23
9 CopgsMni, -1 Co: 2.81 25
S2 Y CofegMnyhy,, 2 Co: 2.82 31

Supplementary figures

Reaction 5
AG =-6.3 kcal/mol

Figure S1. Schematic pathway and Gibbs free-energy (AG) of reaction 5 (Figure 5) for a Mn23V
nanolayer. Mn(IV) octahedron = gray; Mn(IIl) octahedron = purple; Co(II) octahedron = cyan; Co(III)

octahedron = blue; oxygen = red, proton = gray.
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Reaction 6 ey fr -
AG = -17.6 kcal/mol S el
2+ M4t A3+ M3+
COTCSMn Layervd CO|NC Mn Layer
Reaction 7a
AG = -0.4 kcal/mol
2+ Mndt v Vo2t Mnd* Vv
CC’TCSMIn Layer d TCS Layer 'd
Reaction 7b
AG = 4.2 kcal/mol
5y R Voot Mnd+
COresMM Cayer TCS Layer
Reaction 8 H }r'{}
AG= 0.1 keallmol e i~

Co2*.LS Mnd+
INC Layer

24 paad+
COTCS M LayerVd
Figure S2. Schematic pathways and Gibbs free-energies of complexation (AG) of reactions 6, 7a, 7b, and
8. Mn(IV) octahedron = gray; Mn(Ill) octahedron = purple; high-spin Co(II) octahedron = cyan; low-
spin Co(II) octahedron = light blue; Co(III) octahedron = blue; oxygen = red, proton = gray.

Figure S3. Geometry-optimized ferromagnetic Mn(II)-DES complex (G = -7060297.1 kcal/mol) (a),
antiferromagnetic Mn(II)-DES complex (G = -7060297.4 kcal/mol) (b), and ferromagnetic Mn(II)-TES
complex (c), at the layer edge. The two DES complexes are stable and the TES complex undergoes
comproportionation with a layer Mn(IV). Mn(IV) octahedron = gray; Mn(IIl) octahedron = purple;
Mn(1II) octahedron = dark and bright red; oxygen = red, proton = gray.
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-

AG =-23.2 kcal/mol

AG = -16.5 kcal/mol

AG =-12.1 kcal/mol

AG = -18.1 kcal/mol

=>

Figure S4. Schematic pathways and Gibbs free-energies of complexation (AG) of hexahydrated Co(II)
as DCS (a, b) and DES (¢, d) complex on the Mn'"Mng'(a, ¢) and Mn3" (b, d) nanolayers. Mn(IV)
octahedron = gray; Mn(IIl) octahedron = purple; Co(II) octahedron = cyan; oxygen = red, proton = gray.

Cartesian coordinates

+ + 4+

Mn 3TC¢S Mn iaj/erMHS \

25 0.467004000 2.659666000
25 0.134271000 0.049651000
25  -0.399880000 -2.797242000
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25 -2.283683000 1.815757000
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25 1.160178000 5.492775000
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25 -1.667998000 4.695297000
8 1.009162000 1.021354000
8 1.554406000 3.748435000
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8 -1.974101000 -2.355782000
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1.670584000
-4.208688000
3.081527000
-0.491556000
2.628417000
-1.063315000
-1.429806000
2.226366000
-3.073362000
4.251890000
0.546620000
1.024095000
-2.533010000
4.798185000
1.234556000
-1.639373000
2.081173000
0.509055000
-3.103886000
4.195731000
-1.270953000
2.621701000
1.692339000
-2.073690000
-0.504788000
0.006272000
-3.609770000
3.728570000
-3.895455000
3.689069000
0.014408000
-1.223344000
0.755534000
3.238151000
4.815854000
-0.343261000

3.478827000
-3.976515000
-3.917117000
-3.761583000
-1.175959000
-0.736570000

0.762346000

1.950786000
-3.597937000

0.599947000

3.397045000

2.596860000

2.861255000
0.029282000
-2.850934000
3.805581000
1.022054000
1.881307000
-0.965967000
5.653607000
-1.854387000
4.706990000
-2.385910000
4.154181000
-0.567587000
-0.545793000
5.883645000
-3.265257000
3.130503000
-4.186866000
2.522643000
0.600602000
0.688132000
7.011087000
-2.943370000
3.384815000
3.516601000
1.428236000
0.327062000
6.811469000
-1.548380000
4.975705000
5.011543000
-1.473954000
5.188498000
-0.221898000
6.084809000
1.603826000
-4.157474000
2.198043000
2.298833000
-2.050518000
-2.085181000
4.379491000
6.537645000
6.724244000
5.932936000
2.554411000
5.503497000

-1.082928000
2.105228000
-1.066208000
1.337182000
-1.118719000
1.162076000
-1.907549000
1.202037000
-1.225336000
-1.051209000
1.085616000
1.117616000

0.012867000
0.004408000
0.076055000
-0.007936000
0.052342000
0.035821000
0.021787000
-0.084884000
0.070722000
-0.063740000
1.166154000
0.916539000
1.124759000
1.181586000
0.977182000
1.129862000
0.948740000
-0.864715000
-0.933283000
-1.082458000
-1.017074000
-1.241438000
-1.021840000
-1.121846000
-1.038721000
1.070093000
0.950173000
0.958137000
0.962046000
0.990399000
1.073882000
-0.978777000
-1.178423000
-0.902304000
-1.165764000
-0.940770000
1.294835000
1.101171000
1.119062000
-0.954667000
-0.955249000
-0.994438000
-1.348675000
-2.138249000
-1.210662000
-1.202050000
1.854290000
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1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.907587000
5.053088000
-3.434078000
-3.321111000
-4.177068000
-3.350454000
-2.737910000
-3.482436000
-0.116321000
1.348748000
1.771081000
4.017294000
4.027984000
3.968257000
4.676553000
-1.691895000
-4.016289000

IV 2+ \r b
CopegMngy V

27
25
25
25
25
25
25
25
25
25

00 00 00 00 0O 00 0O 0O 00 00 0O 00 00 0O 00O 00 0O 0O 00 0O 0O 00 00 0O 00 00 00O 0O 00 00 0O OO

0.402820000
-0.027833000
-0.516659000

3.308553000

2.581709000
-2.244446000
-2.774366000

1.029907000

2.215743000
-1.702863000

-2.031140000
1.779916000
-4.213955000
3.091978000
-0.547029000
2.704822000
-1.265597000
-1.460027000
2.233755000
-3.234611000
4.100824000
0.585836000
1.050579000
-2.606664000
4.762905000
1.028734000
-1.672682000
2.042943000
0.564335000
-3.122102000
4.249870000
-1.121263000
2.541921000
1.549090000
-2.345546000
-0.762058000
0.101510000
-3.752331000
3.614719000
-3.664848000
3.650618000
-0.137132000

6.335474000
5.201960000
4.082497000
2.143509000
0.397988000
-2.446501000
-3.125210000
3.565959000
-3.786075000
-3.851032000
-3.703414000
-1.179888000
-0.740458000
0.744169000
2.125771000
-3.814030000
0.811214000

2.784259000
-0.023488000
-2.888613000
3.757261000
0.990949000
1.725453000
-1.083729000
5.662058000
-1.890141000
4.637179000
-2.495507000
4.201177000
-0.870323000
-0.566066000
5.812014000
-3.271886000
2.935311000
-4.030790000
2.511951000
0.471332000
0.651011000
7.055015000
-2.980853000
3.306067000
3.476987000
1.146976000
0.215904000
6.785124000
-1.583602000
4.834166000
4.927778000
-1.327223000
5.177668000
-0.254141000
5.990524000
1.374162000
-4.241183000
1.986213000
2.210366000
-2.247282000
-2.067997000
4.498383000

1.170392000
0.676233000
1.203381000
2.020789000
1.260324000
-1.644363000
1.170012000
-1.095347000
2.176468000
-1.085231000
1.322899000
-1.130206000
1.197809000
-1.937342000
1.038814000
-1.714314000
-1.108192000

-1.605758000
0.081381000
0.055342000
0.009290000
0.006671000
0.145880000
0.095559000
0.057749000
0.018123000
0.157213000

1.166268000

1.144912000

1.187563000

1.089719000

1.166198000

1.061856000

1.208536000

-0.999464000

-0.956827000
-0.944995000
-1.086578000
-1.018620000
-1.056345000
-0.909779000
-1.031565000

1.023837000

1.060044000

1.086880000

0.986285000

1.292866000

1.065861000

-0.861671000

-1.060604000

-0.939530000

-0.844901000

-0.929747000

1.161629000

1.210760000

1.103929000

-1.001911000

-1.072894000

-0.884984000
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P R R RRPRRRLROOORPRRRRPRRRRRRRBRRRREBRRRERRRERR

-1.738469000
0.282076000
3.145402000
4.742855000

-0.366619000
2.871941000
5.099767000

-3.514907000

-3.466101000

-4.247456000

-3.528744000

-2.627220000

-3.549236000

-0.122444000
1.380075000
1.865423000
3.951812000
4.048698000
3.816494000
4.551480000

-2.303942000

-4.187795000
1.578105000
1.869270000
0.447356000
0.883277000
-0.435627000
1.375469000
2.086509000
2.504939000
1.592664000
1.246246000
-0.369739000

IV~ 2+ oy g4t
CopcgMny V;y

27
25
25
25
25
25
25
25
25
25

00O 00 00 00 0O 00 0O 0O 00 00 0O 00 00 0O 00 OO

0.425868000
0.004361000
-0.523465000
3.166085000
2.621600000
-2.161981000
-2.740001000
0.994207000
2.222349000
-1.760553000
-1.983509000
1.624157000
-4.131277000
3.144889000
-0.598227000
2.712356000
-1.267267000
-1.535155000
2.276030000
-3.222179000
4.178605000
0.548968000
1.022263000
-2.666026000
4.748940000
1.104517000

6.089571000
6.675131000
5.932582000
2.528884000
5.443517000
6.313463000
5.093641000
3.954299000
1.964419000
0.073937000
-1.948723000
-3.255141000
3.516531000
-3.997817000
-3.886117000
-3.740777000
-1.148377000
-0.703179000
0.821443000
1.968631000
-3.576810000
0.621818000
0.162438000
5.030188000
2.501515000
1.600734000
2.437710000
4.203075000
5.055663000
0.228639000
-0.031278000
3.399496000
2.548461000

2.811349000
-0.029843000
-2.892140000

3.772055000

0.948886000

1.807968000
-1.032799000

5.625216000
-1.931396000

4.618210000

-2.474624000
4.164422000
-0.763910000
-0.649201000
5.766177000
-3.350885000
3.066897000
-4.011712000
2.440309000

0.455315000
0.601277000
7.113990000

-3.008092000

3.273704000
3.546503000
1.052986000

-1.588808000
-1.852684000
-1.113793000
-1.259643000
2.043025000
1.284953000
0.640737000
1.426669000
2.133099000
1.424973000
-1.910494000
1.227668000
-0.960487000
2.068577000
-1.137899000
1.263006000
-1.242786000
1.051693000
-1.993484000
1.088775000
-1.186105000
-0.865829000
-3.648328000
-3.875517000
-3.609311000
-3.734763000
-3.994413000
-3.974280000
-2.929420000
-3.903616000
-2.684282000
1.195756000
1.218204000

-1.497408000
0.064106000
0.050737000
0.057210000

-0.011315000
0.173177000
0.162240000
0.024285000

-0.036820000

0.079907000
1.221485000
0.956300000
1.306937000
1.047772000
1.131183000
0.974013000
1.039885000
-0.979670000
-1.012052000
-0.903789000
-1.066389000
-1.044713000
-1.102958000
-0.994246000
-0.934702000

1.0138495000
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-1.589697000
1.986514000
0.598389000

-3.243618000
4.105460000

-1.125563000
2.518638000
1.585394000

-2.401465000

-0.725550000
0.096559000

-3.688551000
3.540387000

-3.697537000
3.648825000

-0.211320000

-1.694885000
0.263851000
3.139681000
4.777867000

-0.404609000
2.786333000
4.987314000

-3.527838000

-3.360881000

-4.120579000

-3.709390000

-2.591268000

-3.617873000

-0.093078000
1.341231000
1.867559000
3.958169000
4.096011000
3.959463000
4.494821000

-2.366271000

-4.170677000
1.673903000
1.944375000
0.473861000
0.930232000

-0.412771000
1.423920000
2.141949000
2.605462000
1.660027000

LS\ p 4+

Copne Mng

27 0.497412000

25 0.017359000

25 -0.509008000

25 3.260633000

25 2.729731000

25 -2.216768000

25 -2.726958000

25 0.992271000

25 2.236694000

25 -1.764916000

8  -2.014965000

8  1.636467000

P PR R RPROOORRPRPRRRREPRERRREPRERRRERERRERRIPE R B - 00000000 0000 00 00 00 00 00 0000 00 00 00

0.248877000
6.773866000
-1.624640000
4.865232000
4.934159000
-1.336027000
5.179107000
-0.299678000
6.045450000
1.350679000
-4.282073000
1.980427000
2.204280000
-2.223768000
-2.110753000
4.564039000
6.263707000
6.749832000
5.920119000
2.610937000
5.322691000
6.266898000
4.997274000
3.973504000
2.093170000
0.200238000
-1.869613000
-3.223468000
3.437628000
-4.039317000
-3.918084000
-3.802532000
-1.189849000
-0.799464000
0.887128000
2.051954000
-3.520182000
0.606472000
0.209460000
4.969737000
2.532530000
1.647029000
2.439797000
4.153240000
5.044324000
0.339666000
-0.015177000

2.776377000
0.027115000
-2.829111000
3.742176000
0.964733000
1.845811000
-0.986706000
5.524265000
-1.894845000
4.642620000
-2.429347000
4.000178000

1.081252000
1.083726000
0.959725000
1.167982000
1.161756000
-0.850793000
-1.108744000
-0.976257000
-0.923069000
-0.956204000
1.125887000
1.279876000
1.144920000
-0.875323000
-1.151970000
-1.028049000
-1.540280000
-1.889789000
-1.112982000
-1.182424000
1.968653000
1.313721000
0.776429000
1.424166000
2.180377000
1.487073000
-1.772922000
1.288533000
-0.959211000
2.040375000
-1.169574000
1.188797000
-1.302596000
0.961345000
-1.960956000
1.109197000
-1.135135000
-0.795664000
-3.636979000
-3.881782000
-3.542540000
-3.672217000
-3.911401000
-3.936099000
-2.931528000
-3.845927000
-2.676513000

0.032402000
0.007764000
-0.035663000
-0.031120000
-0.074550000
0.133727000
0.007674000
0.003354000
-0.032487000
0.096782000
1.075822000
0.916790000
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-4.167239000
3.121090000
-0.564249000
2.680591000
-1.439186000
-1.475229000
2.440599000
-3.123753000
4.274042000
0.422323000
1.064260000
-2.717646000
4.844557000
1.132629000
-1.609694000
1.990719000
0.581127000
-3.250086000
4.086210000
-1.060626000
2.480719000
1.627686000
-2.189609000
-0.629348000
0.061019000
-3.828935000
3.692222000
-3.614737000
3.684310000
-0.161794000
-1.332087000
0.567271000
3.069391000
4.677955000
-0.396282000
2.824860000
4.916056000
-3.246298000
-3.657705000
-4.174053000
-3.588336000
-2.621854000
-3.663900000
-0.192387000
1.374772000
1.827206000
4.005013000
4.070477000
4.261291000
4.639659000
-2.303879000
-4.078853000
1.945140000
1.421176000
-0.132294000
0.575435000
-0.369480000
0.857269000
1.751134000
2.703755000
1.837952000

-0.760626000
-0.609972000
5.759017000
-3.307103000
3.086147000
-3.932687000
2.421981000
0.524066000
0.500919000
6.908239000
-2.958689000
3.344003000
3.700404000
1.221144000
0.272055000
6.680291000
-1.550515000
5.080415000
4.945741000
-1.238855000
5.108505000
-0.266739000
6.035868000
1.557258000
-4.210844000
1.898980000
2.203479000
-2.163945000
-2.119891000
4.290154000
6.474617000
6.593348000
5.871440000
3.187970000
5.362317000
6.197675000
5.212145000
4.477974000
2.334738000
0.205873000
-1.792342000
-3.181412000
3.502528000
-3.983501000
-3.871524000
-3.753701000
-1.204363000
-0.791098000
1.001549000
2.034888000
-3.442776000
0.674210000
0.156786000
4.333720000
2.036974000
1.377632000
1.902897000
3.545015000
4.566564000
0.750480000
-0.053196000

1.083604000
1.069878000
1.125193000
1.009080000
1.164997000
-1.113038000
-1.091340000
-1.063391000
-1.028975000
-1.130832000
-1.132256000
-0.987725000
-0.988466000
0.927845000
0.998539000
1.032465000
0.917911000
1.128981000
1.131286000
-0.949486000
-1.160334000
-0.993387000
-1.017396000
-0.881979000
1.060656000
1.078514000
1.067669000
-1.102416000
-1.101394000
-0.864518000
-1.199129000
-2.031611000
-1.236724000
-1.787621000
1.990976000
1.211877000
0.719522000
1.880708000
1.920191000
1.280009000
-1.992868000
1.113156000
-0.864304000
1.963773000
-1.200657000
1.196924000
-1.275736000
1.072087000
-1.852291000
0.968891000
-1.295287000
-1.062349000
-3.672590000
-3.756439000
-3.515319000
-3.660814000
-2.571538000
-3.610913000
-2.874625000
-3.692841000
-2.718757000
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