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DOI: 10.1 N ) . o .
O: 10.1035/x0xx00000x Water oxidation catalysts (WOCs) are a key part of generating H, from water and sunlight, consequently, it is a promising

process for the production of clean energy. The mechanism of water oxidation mediated by Ru(2,2’-bipyridine-6,6'-
diphosphonato)(4-picoline), has been studied computationally to comprehend the results obtained in the experiments
performed by the Concepcion and Grotjahn groups. Our study was performed at pH = 8 and 1. At pH = 8, the phosphonates
are fully deprotonated and the catalysis, which is shown to be more energetically costly than that of the dicarboxylato Ru
catalyst counterpart, takes place through a mechanism that involves a bimolecular interaction between two metal-oxo units
(I2M). At pH = 1, only one of the phosphonates of the catalyst is deprotonated. After testing all possible pathways and
comparing with experimental data, we determine that the catalysis proceeds neither through a water nucleophilic attack
nor via 12M, instead, we hypothesize that it takes place thanks to an 12M interaction between the catalyst and the ceric
ammonium nitrate.

Keywords: water oxidation, ruthenium, phosphonate, cerium, catalysis, CAN, I12M, WNA

Introduction

In situ hydrogen generation has been a hot topic during recent years
due to the increasing need for clean fuel production with a high
energy output.>23 To reach a sustainable reaction for H, production,
the use of cheap raw materials and catalysts have been the main
focus of research. Accordingly, water as a reactant is an obvious
choice due to its availability and its proton reduction and water
oxidation reactions. Due to the harsh conditions required to perform
the water oxidation process, researchers have been trying to develop
different water oxidation catalysts (WOCs).**> The first molecular
WOC found by Meyer et al. known as the “blue dimer”,57 inspired
many other researchers to perform this kind of catalysis with
different transition metals, such as Ru®® or Ir.1%12 Many catalysts
involving Ru have been developed, but one of the most interesting is
the 2,2-bipyridine-6,6-dicarboxylic acid (bda) Ru catalyst (A), which
was first explored by Sun,3 Privalov,'* and Llobet et al.?® It performs
WOC efficiently, partly due to the large O-Ru-O angle (~1239) that
the bda infers to the catalyst. This angle provides a gap for a water
molecule to interact with an octahedral Ru intermediate,® forming a
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hepta-coordinated compound.'’.28 This peculiar seven-coordinated
structure appears to lower overpotentials required for the oxidative
steps while emulating the activity of the WOC in Photosystem 11.1°
Even though there are already some studies which focus on the
exchange of axial ligands, such as pyridine, picoline or isoquinoline,2°
with the conclusion that the bda remains mostly unchanged,?! the
hepta-coordinated metal center?22324 is fundamental for the
stabilization of higher oxidation sates of the ruthenium.”

Towards the development of more efficient catalysts, in 2016
Grotjahn et al.2> and Concepcion et al. 2 reported Ru(2,2’-bipyridine-
6,6’-diphosphonato)(picoline),, B, a phosphorus analog of the
Ru(bda) catalyst (Figure 1) with the novel ligand bpaH,. The largest
difference between the bda (A) and bpaH, (B) ligands is that the
bpaH, has phosphonate groups instead of carboxylate groups. Each
of the phosphonates groups are monoanionic like the carboxylates
but depending on the pH, they can become dianionic thanks to their
hydroxyl group. In basic media, the doubly deprotonated bpa ligand
results in four negative charges (as opposed to two negative charges
with the biprotonated bpa at pH = 1 or the bda) that stabilize the
higher oxidation states of the Ru center. Furthermore, the
hydroxyl/hydroxo group is able to help in proton transfer reactions.

Please do not adjust margins




7 7
Z 52 Q
- OQP\O o/P/
N | HO /N | OH
A AN B s

Figure 1. WOC catalysts A (with dicarboxylato ligand (bda)) and B
(with diphosphonato ligand (bpaH,)) studied in this work.

From past studies,”2527 two important conclusions were drawn in
relation to the performance of the catalysts included in Figure 1: the
dicarboxylato catalyst A generally outperforms the diphosphonato
catalyst B with lower overpotentials and higher TOFs, even though
there is not a clear understanding of the reason. On the other hand,
under acidic conditions (pH = 1), the phosphonate catalyst appears
to need ceric ammonium nitrate (CAN) for the reaction to progress.
It is worth noting that CAN works under mid to low pH, otherwise it
precipitates.?® At pH = 8 and pH = 1 without CAN, the catalytic activity
is minimal if any.

WOC testing using sacrificial oxidants has been performed with
sodium peroxodisulfate,?® potassium peroxymonosulfate,3° as well
as many others.3132 However, one of the most used oxidants is the
Ce" reagent CAN. It accepts one electron, forming Ce",33 a one-
electron change that is relevant to operation of a
photoelectrochemical cell. In many, but not all cases, it has been
shown that the WOC catalysts that work with CAN also work
electrochemically.3* A notable exception observed by the Grotjahn
group is that B, and a derivative with O'Pr groups in place of OH
groups, at pH = 1 were active catalysts using CAN, but mostly inactive
electrochemically, even when driven to 1.8 V potential. In CAN-
driven reactions of B, Concepcion’s group observed first-order
dependence of reaction rate on both concentrations of B and CAN.
Taken together, these findings strongly implicate a non-innocent role
for CAN; Costas and Lloret-Fillol, et al.3> have suggested with iron
based catalysts that CAN interacts with the catalyst to reduce some
barriers by making a dimer between two different metal complexes,
and more recently this has been also checked by Cavallo and
Macchioni, et al.,3® for iridium catalysts. Similarly, Sakai’s group3” has
suggested Ce-OH-Ru interaction during CAN-driven WOC.
Nevertheless, Ertem, Roth, Llobet et al.38 reported that when testing
the 0-O bond formation through 20 kinetic isotopic effects, the CAN
does not intervene in the bond formation, but it can help to oxidize
the catalyst prior to that.

Finally, there are two commonly proposed mechanistic pathways for
WOC: a bimolecular interaction between two metal-oxo units (12M)
and a mononuclear water nucleophilic attack (WNA).3%4041 For the
dicarboxylato catalyst A,*> experiments performed by Ahlquist, Sun,
et al.*2 have shown that while the majority of Ru catalysts operate by
the WNA mechanism, A operates by the 12M mechanism.*344 |In the
case of the phosphonate catalyst B,2%? available evidence suggests
WNA mechanism operates; nevertheless here we will analyze both
WNA and I2M mechanistic possibilities.
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Scheme 1. 0-O Bond formation for the WNA mechanism (left) and
the 12M mechanism (right).

All in all, we wanted to delve deeper in understanding the behavior
of this phosphonate catalyst, which is pH responsive due to the
phosphonate ligands.

Computational Details

All DFT calculations were performed with the Gaussian09 set of
programs,*> using the MO6L functional.?®4” The electronic
configuration of the molecular systems was described with the
standard split-valence basis set with a polarization function of
Ahlrichs and co-workers for H, C, N, O and P (SVP keyword in
Gaussian).*® The small-core quasi-relativistic Stuttgart/Dresden
effective core potential, with an associated valence basis set
(standard SDD keywords in Gaussian09) was used for Ru.#?5951 The
geometry optimizations were performed without symmetry
constraints, and analytical frequency calculations were carried out to
characterize the located stationary points. These frequencies were
used to calculate unscaled zero-point energies (ZPEs) as well as
thermal corrections and entropy effects at 298 K and 1354 atm to
better simulate molecular proximity®> by using the standard
statistical mechanics relationships for an ideal gas. A pressure 1354
atm was consider in the calculations as recommended by Martin et
al.,>2 who determined that this pressure defines the ideal water gas
including the relative pressure performed by the surrounding water
solvent in aqueous media.>3>* Energies were obtained by single-
point calculations on the optimized geometries with the triple-& basis
set of Weigend and Ahlrichs for main-group atoms (TZVP keyword in
Gaussian),*> whereas for ruthenium the SDD basis set was employed.
Solvent effects were included with the polarizable continuous
solvation model PCM using H,0 as solvent.>®>” The reported Gibbs
energies in this work include energies obtained at the
MO6L/TZVP~SDD//MO06L/SVP~SDD level of theory corrected with
zero-point energies, thermal corrections, and entropy effects
evaluated at 298 K and 1354 atm with the M0O6L/SVP~SDD method.

To evaluate the pK, in transition metal complexes that hold ligands,
we have used the following procedure:

AOH-AO0~ +H*

AG
pKo,=—log (e ™) (1)

Using experimental pK, values versus our calculated results, we have
adjusted a regression line that provides more reliable pK, values that
the direct use of Eq. (1) (see Supporting Information). The proton
energy used for the pK, is AG=-270.3 kcal/mol, which includes the
translational entropy correction.>®

We represent both proton coupled electron transfer (PCET) and
redox reactions®® with Egs. 2 and 3:

AT +e A (2)
AG
80red = _nF_SHE ’ (3)

where AG is the Gibbs energy of the reaction, SHE refers to the
absolute potential of the Standard Hydrogen Electrode (4.28 V) in

This journal is © The Royal Society of Chemistry 20xx
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water,® n refers to the number of electrons and F is the Faraday
constant. Energies are given in kcal/mol and the reduction potential
ginV.

Since PCET reactions include AGy +, we use Eq. 4:
BGyynoy, — AGyn + 10— 0.5-0Gy,

(4)

Using this methodology, we can determine the reduction potential
for the PCET reactions without experimental values.6? For more
information, check the Supporting Information. Finally, due to the
analysis of different pH conditions, we applied the Nernst equation
approximation for the PCETs at 298 K and atmospheric pressure:

e= Sored —00591pH (5)

¢ is the corrected PCET reduction potential considered in the
mechanisms at the given pH value.

80red = —nF

Results and Discussion

The reaction mechanisms depicted in Figures 2 and 3 constitute a
summary of the most relevant paths of the full reaction mechanisms
that can be found in the Supporting Information. Molecular
structures Y in the reaction mechanisms are labelled XY9, where X
indicates spin state (1 = singlet, 2 = doublet, 3 = triplet, 4 =
quadruplet) and q is the total charge of species Y.

Mechanism at pH 8. The diagram in Figure 2 outlines the most likely
mechanistic scenarios at pH = 8 starting from the Ru" species B (=
[Rulllo) to the RuV species (= [RuvV=0]Y) (See Sl for the full figure). The
Grotjahn and Concepcion groups independently measured a pK, of
approximately 4 for simultaneous deprotonation of both
phosphonate moieties of [Ru'"]°. As seen in Figure 2, our estimates
for the first and second deprotonation pK, of [Ru"]?are 4.7 and 5.3.
At pH = 8, the reaction mechanism starts with Ru' species [Ru"]%,
with a net charge of -2. From [Ru"]?%, either one-electron oxidation
can lead to [Ru"]* or water can coordinate the metal giving [Ru'-
OH,]%, however, looking into previous work on similar catalysts®2 we
assume that the oxidation step is preferred, reaching therefore
[Ru"Mt-.

pH=8 DEPROTONATED
OH, H,O .
HS l‘{ulv ]\'c~|]l"—ljnul Ru'" -
150 : 120
2.8 045V
0.99V 0.89V H0
(‘)‘ PCET (‘)H PCET OH, Joo Ryl
i - RulV Rulll  keal/ mola 1. ¢
12! H 181 4
7.8 -0.19V
o 53
0.07V |l -
RuY Ryl Ru'
32 102 1g°

START

Figure 2. Optimal electrochemical reaction mechanism catalyzed by
B (= [Rul0) at pH = 8. Green = PCET, blue = oxidation, purple =
deprotonation. Species are labelled XY9, where X indicates spin state
and q is the total charge of species Y. Full figure in SI.

Two paths for progression of species [Ru™]*- are possible: i) stepwise
oxidation to [Ru'Y-OH,]° and then a simple deprotonation to [Ru'V-
OH]* (pK, = 2.8) and ii) PCET from [Ru"-OH,]* to [Ru'v-OH]*- at 0.89

This journal is © The Royal Society of Chemistry 20xx
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V. The first path, [Ru"]*>[Ru"]*>[Ru'V]°>[Ru'Y-OH,]°>[Ru'V-OH]*
, is the lowest potential pathway and involves two oxidation steps:
oxidation from [Ru']% to [Ru™]* creates the actual Ru'"' catalyst (¢ = -
0.19 V), and the second oxidation with &€ = 0.45 V leads to species
[RuV]®. It interacts with water reaching [RuV-OH,]° in a slightly
endergonic process (AG = 1.7 kcal/mol), and finally it deprotonates
towards [Ru'V-OH]Y. According to Meyer and Huynh,%3%* between
electronic pairs such as Ru"/V species [Ru"-OH,] and [Ru'V-OH,]°, if
pH < pK,w oxidation is favored, if pK,, < pH deprotonation is
favored, and if pKyw < pH < pK,.y PCET is favored. We use this
approach to distinguish between paths. Accordingly, in the second
path, ie., [Ru")>->[Ru™*>[Ru™-OH,]*>[Ruv-OH]*;, [RuV-OH]*
could be reached from [Ru™-OH,]* through a PCET at 0.89 V (pK,.v =
2.8 and pK,yy = 9.2). It is quite likely that the two paths described
above for the oxidation of H,0-Ru"' species [Ru""]*- are operative. We
cannot favor one or the other with only the thermodynamic data
collected. Our findings match those of Concepcion et al.2% If we
consider experimental data, such as the voltammograms from
Grotjahn et al. (see Sl), there is no peak at 0.45 V, thus the PCET is
likely to be the preferred path. Finally, RuV species [RuY=0]" is
reached through a PCET at 0.99 V or through a deprotonation (pK, =
7.8) towards [Ru'V=0]% followed by an oxidation at -0.07 V. Due to
the similar values of pK, and the medium pH, we cannot distinguish
between these two routes to RuY species [RuY=0]*.5> Since
experiments were done at pH = 7, we believe that once again, the
PCET prevailed over the deprotonation in these experiments. At
higher pHs, however, the route through [Ruv=0]* could be
operative.

Mechanism at pH 1. Turning now to acidic conditions, when CAN
becomes the oxidant, the pH is either close to 1 (using CAN alone) or
intentionally started at 1 (using acid media). We performed the same
mechanistic analysis at pH = 1, where CAN is considered simply as a
one electron redox agent providing an overall oxidizing potential of
1.6~1.7 V to the medium.

Figure 3 shows that the switch from pH = 8 to pH = 1 forces some
changes to the pathway. Importantly, the identity of the redox steps
changes due to the lack of ligand deprotonation. Conversion of [Ru'"]°
to [Ru™-OH,]** can follow two routes: either oxidation to [Ru™]**
with a redox potential of 0.45 V followed by endergonic water
binding (AG = 5.9 kcal/mol) or water binds [Ru"]° to form [Ru"-OH,]°
(AG = 2.5 kcal/mol) followed by oxidation (¢ = 0.60 V). As previously
stated, we believe that the catalyst first oxidizes, and then binds the
water molecule following the [Ru"]°>[Ru™]*->[Ru"-OH,]** path.
Next, two PCET steps lead to RuY oxo species [RuV=0]**. The first
PCET step leading from Ru" to Ru" is predicted to be more
demanding: 1.03 V, 0.14 V higher than for the Ru" to Ru" oxidation
at pH = 8, and 0.28 V higher than for the similar step for the
carboxylate counterpart.5®

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Optimal mechanism for B at pH = 1. Green arrows for PCETs,
blue for oxidation states, and purple for pK,. Species are labelled XY9,
where Xindicates spin state and q is the total charge of species Y. Full
figure in SI.

Subsequently, PCET from [RuV-OH]** to Ru" oxo species [RuvV=0]**
occurs at 0.93 V. Alternatively, [Ru'Y-OH]** can deprotonate first (pK,
= 1) and then by oxidation (0.98 V) species [RuvY=0]** is reached. Due
to the similarity between the pK, and the pH of the medium, thus
once more, we cannot distinguish between the two paths from [Ru'V-
OH]** to [RuvY=0]** with computational data alone. Experimentally,
cyclic voltammograms show activity at 1.4 V. This is far from the 1.03
V found computationally. An explanation to this difference can be
found by looking at the pK, of the phosphonates in each complex.
We found that [Ru-OH,]** has a pK, for the deprotonation of one of
the phosphonates of 0.2, [RuV-OH]** of 0.8, and [RuY=0]* of 1.1.
What this means is that compounds [Ru"-OH,]** and [Ru'V-OH]*
spontaneously become [Ru™-OH,]° and [Ru'V-OH]° with one of their
phosphonates deprotonated at pH = 1. If one looks at the PCETs of
the monoprotonated phosphonate catalyst (Figure 4), they are 1.26
V and 1.21 V, respectively, which are much closer to the
experimental 1.4 V. We will come back to this issue later.

Because the IIl/IV redox couple of cerium is in the range of 1.6-1.7 V,
when CAN is used to drive water oxidation, the proposed PCET at
1.26 V can occur. However, we must consider kinetics. Predicting the
speed of a redox process is not an easy task. A useful generalization
is that redox couples driven with overpotentials that surpass 0.6 V,
usually occur at a fast rate.®” In our case, for the [Ru"-OH;]°to [Ru'V-
OH]° PCET reaction, we observe that we have an overpotential of
>0.34V (>1.60V CAN —1.26 V PCET). Formation of oxygen from water
with CAN does occur experimentally. This can be explained through
the difference between implementation of electrodes vs. CAN; the
oxidizing equivalents provided by the polarization of the medium
through the electrode surface may not be sufficient, while on the
other hand with a large (>1000-fold) excess of CAN the reaction can
proceed. Excesses of other stoichiometric oxidants with sufficient
oxidation potential such as [Co"(H,0)s]** or [Ru'(bipy)s]3* can
perform the same function as CAN.%8

Again, we want to compare our redox potential results for the bda
catalyst A at pH = 1 (two PCETs of 0.75 and 1.01 V),%¢ with the results
given in Figure 4. The bda catalyst A requires less positive potentials
than B (1.26 and 1.21 V), and furthermore, the PCET at most positive
potential for A is RuV-OH to RuY=0,% while in the case of B the
highest potential PCET is the transition of [Ru-OH,] to [Ru'V-OH],
which again is consistent with the more sluggish performance of B
compared to that of A.

4| J. Name., 2012, 00, 1-3
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Figure 4. Monoprotonated phosphonate mechanism for B at pH = 1.
Species are labelled XY9, where X indicates spin state and q is the total
charge of species Y. Full figure in SI.

12M vs WNA pathways. Scheme 2 represents the comparative

between pathways. Starting from the mechanism at pH = 8 and
considering the O-0O bond formation, 12M, approach of two
molecules of intermediate [Ru¥Y=0]* to form [Ru"-00]? turns out to
be the rate determining step (rds).®® With a Gibbs energy barrier of
19.7 kcal/mol, this transition state (with an 0-O distance of 1.884 A)
is 7.3 kcal/mol more kinetically demanding than the corresponding
one in the catalysis by Ru(bda), explaining the slower catalysis of the
bisphosphonate Ru catalyst.?® As a matter of fact, we have also
tested whether an initial adduct is formed, but since the adduct is 13
kcal/mol higher than two [RuY=0]' units, we believe that this
potential adduct is not a relevant species in the reaction mechanism.
It is important to note that the 12M product [Ru™-00]? is disfavored
by 5.7 kcal/mol whereas in the case of the Ru(bda) the analogous
species is slightly favored by 0.3 kcal/mol.?® We suggest that bonding
of two negatively charged molecules of [RuV=0]* is particularly
disfavored by Coulombic repulsion in the bisphosphonate Ru catalyst
because of the phosphonate oxygens, which are more negatively
charged than the ones at the bda carboxylates.

— 113>
(bpa)
- (bpa)
e - (bpaly) -
o= 0" Fo—R==o
o o}
app1- WNA - 1-H,0
(bpa) - (bpa)
+ HZO - (bpaH,)
WNA - 2-H,0 S o
- (bpa) 0—p—0~ / No-Ai=o | —> 15
Q 7 (bpa)

- (bpaHy)

Scheme 2. 12M and WNA mechanisms pathways (with 1 or 2 assisting
water molecules) for the deprotonated (bpa at pH = 8) and
protonated (bpaH, at pH = 1) phosphonate catalyst (axial ligands and
non-interacting hydrogens removed for clarity). Gibbs energy
barriers (kcal/mol) in orange.

Then, cleavage of one of the Ru(bpa) halves recovers [Ru"]*- and we
obtain peroxide intermediate [Ru"-00]*, without a kinetic cost.
Finally, [Ru™-O0]* releases O, and regenerates species [Ru"]*- to
complete the catalytic cycle. Considering a WNA pathway from
[RuV=0]*, we tested Concepcion’s proposal of phosphonate-assisted
water nucleophilic attack, but we found the transition state (TS) for
this interaction at 28.8 kcal/mol, 9.1 kcal/mol higher in energy than
the TS for the I12M pathway. The barrier for the WNA does not
decrease by the assistance of an additional second water molecule

This journal is © The Royal Society of Chemistry 20xx
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(Scheme 2, AG* = 30.8 kcal/mol), however then owning a dangling
phosphonate. Neither the structures predicted by Concepcion et al,26
where both phosphonate ligands provided a Ru-O bond each one,
could help here to decrease the energy barrier. Hence we conclude
that the WNA pathway is not competitive under at pH = 8. For further
details of the I2M and WNA, mechanisms check the SI.

As to the mechanism at pH = 1, at the stage of Ru" oxo species
[RuV=0]*, we tested the hypothesis of water nucleophilic attack
(WNA) that has been proposed by groups of Grotjahn and
Concepcion. We calculate that WNA on RuY oxo species [RuvV=0]**
with one and two assisting water molecules displays Gibbs energy
barriers of 14.3 and 17.5 kcal/mol, respectively, whereas in the I12M
pathway increases to 18.4 kcal/mol. To point out that the transition
state of the 12M process has a short 0—O distance of 1.695 A and
displays a closed-shell singlet character already, like the next
intermediate. This indicates that at pH = 1 the WNA is the preferred
pathway. Nevertheless, the full WNA reaction mechanism requires
the two deprotonation steps depicted in Figure 5. However, the pK,
of species [Ru"-O0H,]** and [Ru"'-OO0H]° are higher than the pH, and
thus these species do not deprotonate. With this information, it is
clear that while water may be able to bind to the Ru=0 center, it will
not deprotonate. Overall, experiments show that the 12M pathway
cannot occur, yet, the computational data shows that it cannot
undergo WNA either.

L “y o/OH .
0 WNA I L H" | . H o
” 127 Rull O~ p 22-4 Rul—O~p 2 6.6 i
Ru" - N/——/ N{_/ Rul
2,14 Keal/mol Ty 2(c0 21-
12 15 16 17

Figure 5. Liberation of O, through WNA for the bpaH, catalyst at pH
= 1. Gibbs reaction energy (kcal/mol) in grey, pK, for deprotonations
in purple.

There is only one option left that fulfills experimental results: 12M
pathway with one Ru=0 catalyst molecule and one ceric ammonium
nitrate molecule. Experiments show first order kinetics according to
the catalyst and as this Ru-CAN implies, it accomplishes this
experimental result. Second, the reaction progresses only with CAN
and, to the best of our knowledge, no other oxidants were tested.
Applying an external potential does not reproduce the catalytic
activity with it, which indicates that the CAN plays an important role
besides being an oxidant. This also explains why at more basic pH
there is no catalytic activity; CAN is not suitable at neutral pH
because it would precipitate.

Finally, let us mention that we tried to find a possible 12M pathway
involving the CAN. To do so, we searched for an initial structure of
the CAN species. However, despite our efforts, we could not find an
energetically accessible structure for CAN showing reduction
potentials close to 1.6~1.7 V and, therefore, we were unable to
explore a possible the formation of a Ru-Ce dimer (see Figure S6 in
the SI).

Computation vs experiments. In this section, we perform a
comparison between experimental and computational data. The first
experimental data we can compare is the cyclic voltammetries given
by Grotjahn et al.?> and Xie et al.?® (see Sl) that shows the existence

This journal is © The Royal Society of Chemistry 20xx
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of two peaks: 0.48 V and 1.40 Vat pH =1 and 0.17 Vand 1.25 V at
pH = 7. Starting from the pH = 1 mechanism, we can assign the
experimental 0.48 V to the 0.45 V calculated oxidation that refers to
[Ru"]°>[Ru™]!*, For the peak at 1.40 V, we have to consider the two
PCET that occur in the monoprotonated mechanism (bpaH, Fig. 4) at
electropotentials close to 1.25 V, which we believe responsible for
the experimental peak at 1.40 V. Last but not least, due to the close
proximity for both PCET potentials, the experimental results show
only one peak because they overlap. There is another possibility: the
oxidation of [Ru™*>[Ru'v]° calculated at 0.45 V yet, there is no
experimental peak at this potential. We believe that this oxidation
does not occur due to the kinetic reasons. Finally, at pH = 8, we can
see experimentally two peaks at 0.17 V and 1.25 V. The first peak
coincides with our calculated -0.19 V (Fig. 2). As for the second peak
at 1.25 V we believe once again that the two PCET [Ru"-OH,]*" >
[RuV-OH]* and [Ru'V-OH]*—>[RuV=0]*are responsible for this peak.

As a whole, the proposed reaction mechanisms that agree with
experimental evidences are depicted in Figure 6.
BIPROTONATED

AN
E [Ru-CAN]
18 H,0
o M Ol /59 R
| ‘ \cnl/mol2 U

pH=1

Ru" Ry 1+
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121V 1.26 V Ru!
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Figure 6. Proposed final mechanisms at both pH for bpaH,/bpaH and
bpa catalysts.

Conclusions

We have computationally studied the water oxidation catalysis for
the bisphosphonate bispyridine Ru catalyst B according to the
experiments performed by the Grotjahn and Concepcion groups. The
study is divided into two different pH regimes, basic (pH = 8) and
acidic (pH = 1). For pH = 8, the reaction mechanism follows an 12M
pathway that is the rds with a barrier of 19.7 kcal/mol. This Gibbs
energy barrier is higher in energy than the one found at 11.4 kcal/mol
for its carboxylate counterpart, studied previously by some of us.%¢
The WNA is not competitive at pH = 8 due to a Gibbs barrier of 28.8
kcal/mol. At pH = 1, the WNA mechanism with a barrier of 14.3
kcal/mol is preferred over the 12M with a barrier of 18.4 kcal/mol.
However, the WNA pathway at pH = 1 for the O, liberation involves
two deprotonations that are not possible at pH = 1. This means that
WNA cannot progress after binding the water molecule. Considering
this, we hypothesize a third pathway, an I12M that combines the Ru
catalyst and CAN. Despite several tries, we did not find a suitable
structure for CAN to do a detailed work of this mechanism.
Nevertheless, all the experimental and computational results lead us
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to believe that this is indeed the mechanism, since it fulfills
experimental evidences. It has first-order kinetics to the Ru catalyst
and it works at pH = 1 with CAN but not with external potentials.
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