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water oxidation catalysts
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5.1 Introduction

The main goal of photosynthesis is the conversiosotar energy
into chemical energy using water as source of potnd electrons. In
artificial photosynthesis, using the same princpleveloped by nature,
water can be used as a cheap and renewable mapenake chemical
fuels [1, 2].

The production of hydrogen as fuel from water as material
using sunlight is one of the most important sohaidor obtaining a
clean and renewable fuel source [3, 4]. One of khg and most
complicated steps in building an efficient artidiciphotosynthetic
device is the development of a robust and competetér oxidation
catalyst for the generation of molecular oxygenetbgr with the
release of four protons and electrons.

During the last two decades many groups have syizée and
analyzed several water oxidation catalysts basedaowariety of
transition metal complexes. The review [5] is recoended for a
comprehensive description of the current statuis field. The most
successful artificial catalysts are based on Ru7]6,Co [8-10], and
more recently Ir complexes [11, 12]. However, tharsh for a robust,
efficient, and cost effective biomimetic catalytgystem that can
operate at optimal thermodynamic conditions i$ sgien [8].

Computational studies, mostly based on densitytional theory
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(DFT) can provide a valuable complementary toolt wmoly to
investigate reaction mechanisms, but also to et@alaad predict the
free-energy diagram and reaction coordinate altwvegcatalytic cycle.
Following closely the method proposed by Ngrskost eoworkers [9,
10], which has been already applied in the studyaikr oxidation [11]
and reduction [9] on metal surfaces, a DFT studiheffree-energy and
overpotential for a class of mono-metallic homogeneatalysts for
water oxidation is presented. The main goal isind in silico trends
and guiding principles for the design of optimal tevaoxidation
catalysts. Catalysts of the type [(Ar)M@®)(bpy)["*, where Ar is an
aromatic ring attached to the metallic center Mmw@ation interaction,
are investigated since they have been shown rgcenble particularly
promising candidates [12, 13]. The complete satabélysts studied in
this work is shown schematically in Figusel

Water oxidation is an energy intensive reactionoimwng the
removal of four electrons and four protons. The femergy change for
the conversion of two water molecules into molecoleygen and two
hydrogen molecules,

2H,0 - O, +2H,, (5.1)

is found experimentally to b&G = 4.92 eV at standard conditions in a

pH-independent representation of the reaction ¢oate.
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Thermodynamic study of mono-nuclear WOC

U U u Cl ILI/OI_Iz
/N N= /N N= J N N= J N N=
D\ N YISy
\, 2+ i 2+ —~ , 2+ j 3+
Rlu __OH, Fle __OH, l __OH, I __OH,

N/ N N/ \N an» 4Mn\
7 - % - 7N ) 7N\ )
O-0 | G-0 ) 100 |G
Figure 5.1. Representatives of the class of [(Ar)M(OR(bpy)]™
monometallic molecular catalytic systems considered in this wk In the

first row ruthenium catalysts with different aromatic ligands are shown.

In the second row complexes with a cymene ligand and differentetallic
centres are presented.

The totalAG is distributed over four steps, each ideally lavw a
free-energy change of 1.23 eV per electron trarederin addition,
electrolysis of water requires always some excassgg in the form of
overpotential, to sustain the conversion and tegmeback reaction of
the product [14]. Since the total free energy cleaffog water oxidation
is fixed at 4.92 eV, decrease of one step, belo28 &V, implies
increase of one or more other steps, and sinceldtgest step
determines the total potential needed to driverélaetion, the variation
between steps along the reaction coordinate isod goeasure of the
efficiency that can be obtained with a catalyste Goal is thus to make

a catalyst with a reaction coordinate that has tmual steps with the
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sameAG = 1.23 eV. Schemg.1 shows the hypothetical catalytic cycle

with four intermediates (5S,), starting from the catalyst with a metal

coordinated water molecule and ending with the exygnolecule

coordinated to the metal.

n+
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— N\
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Scheme 5.1. The water splitting catalytic cycle showing the up
intermediates denoted as S(M-OH), S, (M-0), S; (M-OOH), and S; (M-

00),

respectively. Each step in the cycle is assumed to be &BHT

reaction. The final step involves only the ligand exchangesbveen Q and

H20.
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Thermodynamic study of mono-nuclear WOC

Each intermediate is here obtained by a proton{eduplectron
transfer (PCET) step. The final exchange step batwaxygen and

water is also shown at the end of the cycle insdtel

5.2 Methodology and computational

details

Using density functional theory (DFT) calculatidhs possible to
estimate the free energy differenc&S between the intermediates in
the water oxidation process for molecular catalysts good accuracy
In this chapter the method proposed by Ngrs&bal. [9] is followed,
which has been already used for water oxidatioh §htl reduction [9]
on metal oxide surfaces. More methodological detedin be found in
the paper by Valdést al. where this method has been recently applied
and reviewed [15]. Here only a brief descriptiortted important points
regarding this work is given. The free energy ddfece AG is
evaluated as

AG =AH + AZPE-TAS, (5.2)
where AH is the enthalpy difference between the different
intermediates, AZPE is the change in zero-point energy, which is
derived from the frequencies of the vibrationalmal modes through

equation5.3, both terms being calculated at the DFT levelpatiag to
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3N-6

ZPE:% > hy,, (5.3)

whereN is the total number of atoms in the system.

TAS is the change in entropy at 300K obtained usirmmndsrd
thermodynamic tables for 8@, O, and B, provided that the changes of
entropy in the catalyst are negligible comparethtoother terms [10].
This assumption has been validated with an exm®itulation of the
entropic term for [(cymene)Ru@®)(bpy)F* shown in tables.1 This
assumption has been used also in previous work mrlyaxometalate
molecular catalyst [16].

Assuming that the catalysts work in a PCET regimstead of
computing the free-energy separately for the pranod the electron,
the pair, defined by equati@nd4, can be computed directly,

H*+e - 1H,. (5.4)
2

For each intermediate in the catalytic cycle (solémn) the free-

energy difference is computed according to the &oum 5.5

evaluating explicitly also thAG for the ligand exchange step:

86(s, - )= 6(s)+,G(H,)-6(s),

1 (5.5

AG(S - 8)=  G(8,)+56(H,)-G(s)
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8G(S, - 8)= 6(8))+6(H,)-G(s,)-G(H,0),
86(s, - 5)= 6(s)+36(H,)-6(s)
86(S, - 8)= 6(8)+6(0,)-6(s)-6(H.0),

For the entropic term only the hydrogérSE= 0.41eV), the water
(TS=0.67eV) and the oxyge $= 0.64eV) are taken into account, so

the contribution for each step is as shown in egn#&t6.

TAS(S, - §)= 0205V,
TAS(S, — S)= 0205V,
TAS(S, - S;)= — 046%V, (5.6)
TAS(S, - S,)= 0205V,
TAS(S, - §)=  ~00%V.

Combining equatiorb.2, 5.5and5.6 all the free-energy gaps for
the water oxidation reaction can be calculated.

All the calculations in this work have been perfedrat the DFT
level [17] using the QuickStep method [18] included in the KP2
software [19]. This code employs a mixed basis amiroach with
Gaussian-type orbitals (GTO) and plane-waves (PW$ functions
are used to expand the molecular orbitals andhhege density in real
space, whereas PWs are used for the repatiem of the charge
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density in reciprocal space. An energy cut-off 80 Ry is used for the
plane-waves basis set. The TZVP-MOLOPT-GTH [20] €&&an basis
set is chosen for all the atoms in the catalysepithe metallic centers
for which a DZVP-MOLOPT-GTH is used.

The OPBE [21] exchange-correlation functional igdidor the
DFT electronic structure calculations. The choidethis non-hybrid
functional is mainly due to previous works wherdats been shown to
give an accurate description of several transiti@ial complexes [22,
23], and is also supported by previous comparisdth wdifferent
functionals (BLYP, B3LYP, B3LYP* [24-26]) in a grpuof catalysts
of the same family as those treated in this chdp&jr

For all the elements, pseudopotentials of the Gokhfare used
[27-29]. The pseudopotentials of the metallic atoare generated
assuming as valence electrons those that belotig tizvo highest main
guantum numbers.

Van der Waals corrections are included for a praj@scription of
the Te-cation interaction between the metallic center #ral aromatic
ligand. Specifically the DFT-D2 correction by Grirans applied [30,
31], assuming the same parameters as for the PBgidnal. All the
calculations are performed in vacuum in a cubic bb%8 A per side,
using the Martina-Tuckerman approach [32] for tlésgon solver. For
coherence and for a proper comparison the sameutatignal setup is
used for all different catalysts studied, both fiwe geometrical

optimization and the vibrational analysis.
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Additional test calculations have been performethvihe ADF
code [33], using a Slater type orbital triple zgialarized basis set
(STO-TZP).

5.3 Results and discussion

This study focuses on water oxidation catalyststlo type
[(Ar)M(H ,0)(bpy)I"*, also shown in previous work [12, 13]. First the
results about the influence of the aromatic ringhgisuthenium as
metallic center will be presented. Then the metatienter will be
modified using the aromatic ring that shows the pesformance in the
previous part.

For each different metal the most stable multipliah each step is

analyzed with the OPBE functional and is shownahl€5.2

Table 5.2. Lowest energy multiplicities for different metalic centres

catalysts in each intermediate.

Ru Fe Mn(Il) Mn(Ill)
SO singlet quintet sextet quintet
S1 doublet sextet quintet quartet
S2 triplet quintet quartet triplet
S3 doulet doublet quintet quartet
S4 triplet triplet quartet triplet
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As a first step the accuracy of the DFT setup use¢his work and
the assumptions made in the methodology are cheokezhlculating
the overall free energy change in the hydrolysietien (equatior®.?).

2H,0 - O, +2H,. (5.7)

Following the procedure explained in the previoestien a total
reaction free-energy of 4.30 eV is obtained in wacuThis is 0.62 eV
less than the experimental resuit previous work the total free-energy
change was fixed at the experimental value to aubi explicit
calculations of @ since it was claimed that this is not accurately
described with DFT [10]. Here it is found that tmain source of error
is in the use of a vacuum environment, since actdstlation including
water solvent effects in a continuous model (COSM&Y)] already
provides a much better agreement with experimese {&bles.1 and
Figureb.2).

1 2 3
-32.08

!
-32.09 = = = = [ ]
-32.10
-470.7 4
= . om
3-4710— n " ‘waterl
u
34713—
G 4716 =
C
w
-872.47
2
-872.48 - = = = m L]
-872.49

T T T
1 2 3
Distance (A)

Figure 5.2. Energy for water, hydrogen and oxygen using diffent

distances to the spherical solvent boundary.
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In particular the enthalpy of the water moleculgasy sensitive to
the inclusion of the COSMO model, with a solvateergy that can be
as large as ~0.3 eV per water molecule, while tielittle effect on the
AH for the hydrogen and oxygen molecules (see Fige Therefore
in order to reproduce the total free-energy chanfe4.92 eV, a
correction of 0.31 eV for the enthalpy term of eagiter molecule is
included in equatioB.5to compensate for the missing solvation effect.
In addition, the solvation effects are similar fahe various
intermediates, since the total charge and the nuofideydrogen bonds
between the catalyst and the water environment carestant and

therefore they cancel in ths.

5.3.1. Influence of the aromatic ligand

While usually the metal atom is considered the rimopbrtant part
of a monometallic catalyst, the aromatic ligand eéso play a crucial
role in defining the electronic structure of thansition metal complex.
In particular, the aromatic ring can act as antedacbuffer during the
catalytic cycle [13]. The rings used in this reskaare benzene,
cymene, hexamethylbenzene, chlorobenzene and 1,3,5-
trichlorobenzene, attached to a ruthenium metakoter that has
shown a good performance in electroassisted waidation catalysis
[35, 36]. The five catalysts are schematically dégd in Figures.1

In Figure 5.3 two representations oAG along the reaction

coordinate at OV (Figuré®.33 and at the equilibrium potential of
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1.23eV (Figures.3h) are shown for the different catalytic stepsSp
(see schem&.1). The optimal case where in each step the freeggne
gap is 1.23 eV is also shown.

Benzene
7 —e— Cymene 7
—A— Hexamethylbenzene @
ChloroBenzene
64| . 1--1,3,5-TriChloroBenzene 18
— — Optimal S—
5 s "_ P S—- F )
i) -
— 44 44
>
CA
] 3
24 -2
1 1
0 0
SII s| 51 5; s.‘ 0
B b
1.5 enzene 115
—e— Cymene
—A— Hexamethylbenzene
1.0 ChloroBenzene /L ________ [ —41.0
--0--1,3,5-TriChloroBenzene | | 1
— — Optimal \ 1
Py
0.5 ¢ v Jos
| 1
] ]
[heererereeeef o |
0.0-»--------1_\— -—- '?-._.._.._.._%_ - - —: ————— 0.0
— |
|
0.5 ‘ 4-05
e |
1.0 - . . 1.0
S, S, S, S, S,

Figure 5.3. Plot ofAG in [(Ar)Ru(H ,0)(bpy)]?* for different aromatic

ligands. Optimal case also represented. a) at OV. b) alBV
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The $-S; step corresponds with the largest free-energy \ghjzh
is usually observed also experimentally. The md&ccomplex shows
the best thermodynamic overpotential of 0.56 e\hwite cymene as

aromatic ring. This number compares quite well withe
experimentally determined overpotential of ~0.6][3Th contrast,

according to the modeling hexamethylbenzene isangbod choice as
aromatic ring for water oxidation, indicating thatstrong electron-
donor ligand is not favorable for this reaction.n@ne appears to be
the best compromise between a strong electron emcépand (as

chlorobenzene or 1,3,5-trichlorobenzene) and angtedectron-donor

ligand (as hexamethylbenzene).

In order to resolve common denominators in the tieac
coordinates for the five different catalysts, theolation of three
relevant geometrical parameters, the Ru-O, aver&®yeN, and Ru-Ar
distances of the various intermediates in the gtitatycle are shown
in Figure5.4.

The Ru-O distances show a common trend with a deerfom §
to $ and a subsequent increase fromdsS,. This corresponds with an
increase of bond character from the Ru-aquo to Reoxyl
intermediate and a subsequent decrease until thgeaxmolecule is
formed and released.

The change in the bond length is associated teaa change in the

frequency of vibrational modes localized on the ®unoiety. The
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distance between the ruthenium and the aromatictréas the opposite
behaviour, showing that the ring is more than ap&nspectator and
participates in the reaction by concerted motiat th correlated with
the variation of the Ru-O motif. On the other hatind distance to the
bypiridine is almost constant along the reactionordimate,
corresponding to some experimental results in pressivork, where it
has been shown that changes in the bypiridine kigaed have little
effect on the free energy plot of the catalyticctimn [37].

—— Cymene
Benzene T

n Hexamethylbenzene
| ClBenzene -
TriClBenzene

2.2 4

Distance (A)

Figure 5.4. Relevant geometrical parameters for describing the
reaction coordinate along the catalytic cycle.

5.3.2. Influence of the metallic center

While the [(cymene)Ru(D)(bpy)F* shows the best performance
among the various aromatic ligands that were inyatgd, ruthenium is
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scarce and difficult to apply in terrestrial applions of energy
conversion by water oxidation. The simulation methadlows for a
screening of more abundant elements as metallaytiat centers in
cymene-based molecular complexes, and simulatioage hbeen
performed for iron, and manganese (Figbr®. Although iridium is
known to be a good mono-nuclear water oxidatioralgst, it is not
included in this analysis since it is known expenmally that it
functions in a non-PCET regime [12].

The manganese can adopt different oxidation stalegood
catalyst operation can be expected for Mn with eerall charge of +2
or +3 for the complex. In Figuré.5 the free-energy plot for each
intermediate is shown at OV (Figuseba) and at 1.23 eV (Figurg.5h).

The [(cymene)Mn(kO)(bpy)F* complex shows very good
performance with only slightly higher overpotentiaf 0.59 eV
compared with the Ru benchmark.

In Figure5.6 the same geometrical parameters as in Figutéor
the various representatives of this class of cstslgre shown. In the
comparison between different metallic centers thetatroxygen
distance and the metal-nitrogen distance followilaintrends as shown
above in Figuré.4. The metal-oxygen distance (Figur®¢ decreases
between the §&S; steps and then increases again until the S4stéle,
the metal-nitrogen distance (Figuréh) remains almost constant along
the whole catalytic cycle. However the distancesvben the metallic

center and the cymene (Figuseba), due torrcation interactions, are
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very sensitive to the metal atom used in the cstaljhere is no clear

trend as it was the case for different aromatiarigs.

6 6
—— Ruthenium ’;‘
—A— ron B
--¥--Manganese +2 *_, R ‘-‘1._._.._.;

Manganese +3 L LLTTEr y
— — Optimal " I
4 44

< |
3 I
0]
< —=ooo<
24 42
.- ——
J
0 0
b4'| q| bz s.‘ SJ SI)
1.5{ ——Ruthenium H 415
—A—Iron
--¥--Manganese +2
1.0+ Manganese +3] = F—= 110
— — Optimal 1
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0.0
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05] e s
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Figure 5.5. Plot of AG in [(cymene)M(H,0)(bpy)]™ for different

metallic centres. Optimal case is also represented. a) at 0\).dt 1.23V
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Figure 5.6. Relevant geometrical parameters along the catalytic

cycle. a) M-cymene b) M-nitrogen c) M-oxygen

5.4 Conclusions

The search for an efficient water oxidation cataigsan important
step in the development of artificial photosyntBesievices. The
available efficient [(cymene)Ru(QMbpy)** catalyst represents a good
starting point for computational studies on othemmbers of the same
class, in particular those with abundant transitioretals with
perspective for future large scale application.

For the study of this branch of catalysts one efrttost important
points in the procedure is that all steps, the GET and the ligand
exchange, are calculated explicitly. The systematior in the total

free-energy change through the whole cycle is trdmeck primarily to
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the missing solvent effect for the water molecuilestead of limitations
in the DFT for the oxygen molecule, as was assumezhrlier work.
Consequently, a specific solvent correction for Hg® molecule is
sufficient to allow for a more accurate analysisatifthe intermediate
steps.

The computational results for the [(cymene)Rugdbpy)f*
catalyst are in a good agreement with the freeggnesbtained
experimentally [37]. This validates the procedusediin this work.
The ruthenium catalyst with the cymene ligand shdihwes lowest
overpotential among all the analyzed catalystseré#tingly, also the
[(cymene)Mn(OH)(bpy)]** turns out to be a good catalyst as well, with
an overpotential only 0.03 eV larger than in the Base. Since
manganese is more abundant than ruthenium by awwutrders of
magnitude, it is worth to consider this Mn complax a potential
candidate for water oxidation.

Another important point in thén silico development of suitable
water oxidation catalysts is the identification pafssible geometrical
trends that allow a better understanding of the esid importance of
the different ligands. Most probably the bipyridilgand is important
only for anchoring the metal ion and does not @ayactive role in the
catalytic cycle, since the distance to the metalkater is almost the
same in all reaction intermediates across the rdifttmembers of the
[(Ar)M(OH,)(bpy)]™ class. The distance between the metallic center
and the oxygen is changing along the cycle follgntime change in the
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bond character as one would expect. This behawooommon to all
analyzed catalysts. The wealcation interaction between the aromatic
ring and the metal atom is very sensitive to thdami@volved. The
relative distance between the aromatic ligand aedmetal is changing
considerably along the cycle, although it is pdssib identify a trend
only for catalyst with different aromatic rings, tboot for different

metals.
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