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Efficient water oxidation catalysts based on readily
available iron coordination complexes

Julio Lloret Fillol*, Zoel Codola, Isaac Garcia-Bosch, Laura Gomez, Juan José Pla and Miquel Costas*

Water oxidation catalysis constitutes the bottleneck for the development of energy-conversion schemes based on sunlight.
To date, state-of-the-art homogeneous water oxidation catalysis is performed efficiently with expensive, toxic and earth-
scarce transition metals, but 3d metal-based catalysts are much less established. Here we show that readily available,
environmentally benign iron coordination complexes catalyse homogeneous water oxidation to give O,, with high efficiency
during a period of hours. Turnover numbers >350 and >1,000 were obtained using cerium ammonium nitrate at pH 1 and
sodium periodate at pH 2, respectively. Spectroscopic monitoring of the catalytic reactions, in combination with kinetic
studies, show that high valent oxo-iron species are responsible for the O-O forming event. A systematic study of iron
complexes that contain a broad family of neutral tetradentate organic ligands identifies first-principle structural features to
sustain water oxidation catalysis. Iron-based catalysts described herein open a novel strategy that could eventually enable

sustainable artificial photosynthetic schemes.

fuel and reduces CO, emissions is among the most critical

issues of today’s society. Although energy consumption per
year is predicted to increase from 529 EJ in 2010 to 780 EJ by
2035, the natural supplies of petroleum are diminishing!~%. At the
same time, CO, emissions are widely considered as the main
factor that contributes to climate change. In this context, the use
of hydrogen as an optimal energy carrier holds high potential. Its
water-solar production is envisioned as one of the most promising
approaches with regard to sustainability and energy security, and
also to avoid undesirable emissions. However, fundamental techno-
logical challenges remain unsolved*°: water splitting into H, and O,
is a multielectron process coupled with a multiple-proton transfer-
ence in an uphill energy transformation (equation (1)). In this
regard, the multielectron transference is underlined as a general
chemical problem®.

Replacing petroleum by an energy system that uses sustainable

hv AG’ = 4.92 eV
2H 2H 1
20— 20, + 0, (113 kcal mol™) M
4H" +4e” — 2H, ()
2H,0 — O, +4H" + 4e” (3)

Water splitting consists of two processes, H, formation and water
oxidation (equations (2) and (3)). Equation (3) is identified as the
bottleneck because it requires a multielectron stepwise building up
of very high redox potentials. Despite these enormous chemical
challenges, water oxidation is essential because the reaction pro-
duces O,, and water is the only waste-free electron-source substrate
that could sustain the scale (multibillion tonnes) of the process
required to supply our energy demands. Water oxidation takes
place at the oxygen-evolving complex of photosystem II (PSII) in
green plants, and constitutes one of the basic elements of photosyn-
thesis, the process by which sunlight energy is employed to reduce
CO, and form carbohydrates’. As a result of its technological

relevance, currently major research efforts are devoted to the devel-
opment of artificial photosystems and heterogeneous photocatalytic
materials®’. Seminal studies on earth-scarce ruthenium!® and, more
recently, iridium!''-!® metals, both combined with organic ligand
frameworks, led to the discovery of highly effective artificial molecu-
lar catalytic systems that operate under homogeneous conditions
(10,000 turnover number (TON), the number of O, molecules
produced/the number of catalyst molecules used). However, the
limited abundance of these metals in the earth’s crust (=1 parts
per 10%), their high price in the market and their toxicity restrict
their use on a large scale. Thus we need to develop water oxidation
catalysts (WOCs) based on the first-row transition metals (regarded
as abundant, environmentally benign and inexpensive catalyst
alternatives) and on iron in particular!'.

To date, few artificial WOCs that operate in homogeneous
conditions and are based on first-row transition metals have been dis-
covered'>~22, These catalysts generally rely on very unique polyoxome-
tallate (POM) frameworks or rather complex ligand architectures,
and provide modest turnover/metal centre numbers (TON ~ 78)
(refs 20,21). The unique stability of POMs against oxidation makes
them the most promising way to develop artificial photosystems
that could operate over long periods of time. However, only a few
examples of POMs based on first-row transition metals and capable
of performing water oxidation catalysis are reported. In addition,
attempts to introduce structural changes resulted in a loss of catalytic
activity?®, which therefore prevented further improvement. For the
specific case of well-defined iron-based catalysts, a single precedent
was reported by the groups of Collins and Bernhard, who described
that iron(m) complexes with tetraamido macrocyclic ligands
(Fe-TAMLs) are fast WOCs?2. However, the activity vanishes after
a few seconds (TON = 16, turnover frequency (TOF = TON h™Y
maximum of 4,680 h™'). Consequently, the discovery of efficient
WOCs based on abundant, inexpensive and non-toxic metals that
could be improved easily by using rational and simple synthetic
schemes remains a challenge.

Towards this goal, herein we report a large family of catalytic
systems based on iron and containing straightforward, accessible
modular tetradentate nitrogen-based ligands, which are able to
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Figure 1| Transition metal complexes used in this study. a, Complexes found to be active had neutral tetradentate nitrogen ligands that gave two cis free
coordination sites. The most active catalyst is in the top left. b, In contrast, tetradentate nitrogen ligands that gave trans free coordination sites and
pentadentate neutral nitrogen ligands were found to be inactive in water oxidation catalysis.

Table1 | [M(OTf)z(MezPytacn)] complexes and screening conditions for catalytic water oxidation.

Catalyst [Catalyst] (uM) Oxidant [Oxidant] (mM) TON* TOF'
[Mn(OTf),(M*Pytacn)], IMn 375 CAN or NalO, 125 - -
[Co(OTF),(M=2Pytacn)], 1Co 375 CAN or NalO, 125 = =
[Ni(OTf),(M**Pytacn)], INi 375 CAN or NalO, 125 - -
[Fe(OTf),(M*Pytacn)], 1Fe 37.5 CAN 125 7045 436
[Fe(OTF),(M?Pytacn)], 1Fe 12.5 CAN 125 82+8 222
[Fe(OTf),(mcp)], 20Tf 12.5 CAN 125 360+20 838
[FeCl,(mcp)], 2CI 12.5 CAN 125 320415 515
[(Fe(mcp)),(u-0)(u-OH)1(OTF),,, 2u-(0,0H)* 6.25 CAN 125 210421 105
[Fe(OTf),(mcp)], 20Tf 12.5 NalO, 125 >1,050 222
[Fe(OTf),(bpbp)1, 3 12.5 CAN 125 6347 167
[Fe(OTf),(mep)], 4 12.5 CAN 125 145+5 503
[Fe(OTf),(tpa)], 5 12.5 CAN 125 40+4 53
[Fe(OTf),(tmc)], 6 125 CAN or NalO, 125 = =
[Fe(NCCH3)(M®Py,CH-tacn)1(OTf),, 7 12.5 CAN or NalO, 125 - -
[Co,(H,0),(PWy05,),1 %% [Ru(bpy); 1>+ 15 78 18,000
Co(NO),! [Ru(bpy)g]3+ 1.5 23 =
Fe(n)-TAML" CAN 0.146 16 4,680

All the reactions were performed in water at room temperature (rt.). *Maximum TON. 'TOF under initial rate (TON-h~"). TON and TOF values were averaged over three reactions, with errors below 10%.
*Concentration per metal =12.5 uM. 3Co complex (3.2 umol), sodium phosphate buffer (30 mM), initial pH = 8.0, [Ru(bpy)51(CIO,); (1.5 mM) and rt. (ref. 20). 'Co?* complex (13.0 wmol), sodium
phosphate buffer (30 mM), initial pH = 8.0, [Ru(bpy);1(ClO,); (1.5 mM) and r.t. (ref. 20). "Catalyst (0.78 pmol) with cerium(iv) (145.7 wmol) in a total volume of 0.8 ml of non-buffered water?2.

perform the oxidation of water with high efficiency (Fig. 1).
Preliminary mechanistic studies indicate the basic design principles
that govern the catalytic activity and that may upgrade iron as the
metal of choice for water oxidation catalysis.

Results and discussion

Initially, we focused our efforts on the chelating tetradentate
ligand 1-(2'-pyridylmethyl)-4,7-dimethyl-1,4,7-triazacyclononane)
(MezPytacn) combined with the first-row redox-active transition
metals cobalt, iron, manganese and nickel. The ligand was chosen
because it sustains highly active oxidation catalysts and because of
its capacity to stabilize high oxidation states®*-*. The catalytic
water-oxidation activity of a series of [M(OTf )Z(MeZPytacn)] M=
Ni, Co, Fe, Mn, OTf= CF;SO; ) complexes dissolved in water
was tested using cerium(1v) ammonium nitrate (CAN) or sodium
periodate (NalO,) as sacrificial oxidants (Table 1). Remarkably,
water-soluble [Fe(OTf)Z(MeZPytacn)] (1Fe) was found to be highly
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active, with gas bubbles observed after the addition of oxidant.
The reaction of 1 mM of 1Fe with 75 mM of CAN led to a total
of 18 catalytic cycles with a TOF of 233. In contrast, all attempts
to oxidize water with [M(OTf)z(MezPytacn)] (M =Mn (1Mn), Co
(1Co) and Ni (INi)) failed. Gas chromatography (GC) and mass
spectrometry (MS) analysis of the gas obtained from the reaction con-
firmed the presence of dioxygen as the unique gaseous product.
Furthermore, when the reaction was carried out under argon in
degassed H,'°O or H,'O, only '“0='°0 and "0="%0
were detected, respectively. Likewise, the O, isotopic distribution
obtained when using a solvent mixture of H,'"°0:H,"*0 1:1 (v:v)
was '°0=1'90/'0="%0/"0="80=128/50/22, respectively
(Supplementary Fig. S2). Overall, these experiments demonstrate
conclusively that O, originated from water oxidation.

Based on these promising results, we decided to study in detail
the oxidation of water catalysed by 1Fe. The most relevant data
are summarized in Table 1 and in Supplementary Tables S1 and
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S2. The system activity depends strongly on the concentration of
both the catalyst (1-0.01 mM) and the oxidant (50-200 mM).
The maximum activity for complex 1Fe was observed at 12.5 pM
of catalyst and 125 mM of CAN, rising up to 82+8 TON for
125 uM (at lower concentrations the activity increased, but
because of our analytical systems we found lower reproducibility).
Isotopic analysis experiments performed under catalytically relevant
conditions (125 mM CAN, 40 uM 1Fe) again showed that the iso-
topic content of the evolved O, matched the statistic distribution of
the water solution (see Supplementary Information for details),
which demonstrates that it is the product of the oxidation of
water. It is known that metal-oxide nanoparticles can catalyse
water oxidation. Therefore, we carried out dynamic light scattering
(DLS) and nanoparticle-tracking analysis (NTA) studies to explore
whether water-oxidation activity could be the result of nanoparticles
formed in situ (see Supplementary Information for details). DLS
and NTA analyses indicated that no significant formation of iron-
oxide nanoparticles took place, which strongly suggests that the
observed catalysis truly originated from the water-soluble iron
molecular complex.

At this point we explored potential structural features of the iron
complexes required for effective water oxidation. The very robust
neutral tetradentate pyridine triazacyclononane ligand M**Pytacn
coordinates strongly through three aliphatic amines and one pyri-
dine to the iron centre, leaving two adjacent extra coordination
sites. In light of this, we studied some prototypical nitrogen-based
ligands with diverse coordination, electronic and steric properties.

The closely related iron complexes 2Cl, 20Tf, 3, 4 and 5 bearing
tetradentate nitrogen ligands (N,N'-dimethyl-N,N’ -bis(2-pyridyl-
methyl)-cyclohexane-1,2-diamine (mcp), N,N'-dimethyl-N,N’-bis-
(2-pyridylmethyl)-ethane-1,2-diamine  (mep), N,N'-bis(2-pyri-
dylmethyl)-2,2-bipyrrolidine (bpbp), tris-(2-pyridylmethyl)amine
(tpa) (Fig. 1)) present two main modifications with respect to the
ligand M**Pytacn: lower coordination rigidity and lower ligand basi-
city. At the same time, this set of complexes shares a common tetra-
dentate coordination arrangement that leaves two accessible
coordination sites in cis-relative positions. Very remarkably, all
the complexes were active under our standard catalytic conditions
(iron complex, 12.5 uM; CAN, 125 mM), but clear differences
among them were evident (Fig. 2 and Table 1). Complex 5 (TON,
40+4; TOF, 53h™') was the least active of the series.
Nonetheless, it is remarkably effective with respect to the single pre-
cedent reported with iron-based catalysts and CAN (16 TON for Fe-
TAMLs)??. Complexes 20Tf (TON, 360+ 20; TOF, 838 h™), 3
(TON, 63+7; TOF, 167h™') and 4 (TON, 14545 TOF,
503 h™') share a common structural topology and, interestingly,
all of them present similar or higher activities and efficiencies
than those of complex 1Fe. Complex 4 was over twofold more
active than 1, but more interesting were the results yielded by com-
plexes 20Tf and 2Cl, which gave the highest number of catalytic
cycles per iron atom (20Tf yielded a TON of 360+ 20 and a TOF
of 838h™"; 2Cl yielded a TON of 320415 and a TOF of
515h™"). This result indicates that weak coordinating anions,
such as the trifluoromethanesulfonate, are not mandatory and the
use of simple chloride anions yields comparable results. Time
traces shown in Fig. 2 indicate that catalytic water-oxidation activity
of the complexes stops after 1-3 hours, despite the large excess of
oxidant still present. These observations are attributed to catalyst
degradation under the strong oxidizing and acidic catalysis
experimental conditions.

The iron(mr) oxohydroxo diferric dimer 2p-(0,0H) showed a
lower reaction rate and different kinetic behaviour, which discard
the oxohydroxo dimeric structures as important active intermedi-
ates of the studied iron(u) complexes (Supplementary Fig. S9).
Interestingly, complexes 6 and 7, which have two trans and only
one available coordination site, respectively, are inactive. This
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Figure 2 | TON versus time. On-line oxygen-evolution traces for the
reactions of 12.5 WM of the iron catalysts with 125 mM of CAN. The most
active complexes were 20Tf (red) and 2CI (brown). The graph indicates that
the nature of the anion has a remarkable effect, but nevertheless both
complexes were highly active.

observation strongly suggests that the presence of cis labile sites is
the key structural feature for eliciting water oxidation catalysis.
Finally, we investigated NalO, as an alternative oxidant for the
most active complex 2. Surprisingly, the number of catalytic cycles
increased to more than 1,050 at an initial pH of 2, adjusted with
triflic acid. Insight into the mechanism of O, formation in the reac-
tions with NalO, was obtained from isotopic labelling experiments.
When an isotopic mixture of H,"*0:H,'0 6.5%:93.5% was used as
solvent in the reaction of 2 with NalO,, analysis of the evolved O,
by MS showed an isotopic pattern in excellent agreement with a stat-
istical distribution of the isotopic water composition (see
Supplementary Section S4 for details). This observation shows
that O, originated from water oxidation and not by NalO,
decomposition. However, this conclusion should be treated with
caution at long reaction times because NalO, undergoes exchange
of its oxygen atoms with water, as demonstrated by electrospray ion-
ization mass spectroscopy (ESI-MS) time-course experiments (see
Supplementary Information). As a result, the isotopic distribution
of O, measured at long reaction times could not demonstrate unam-
biguously a water-oxidation origin. Nevertheless, we found no
reason to believe that such a change in the mechanism of O, evol-
ution occurs over time. Furthermore, O, evolution is observed only
for those catalysts that perform water oxidation with CAN (Table 1).
The sum of these experimental observations provides compelling
evidence that O, is produced in these reactions only by water oxi-
dation, and it is not formed from periodate decomposition.

To the best of our knowledge, the values of catalytic cycles per
metal centre (>1,000) attained by these iron catalysts are the
highest reported for any homogeneous system based on first-row
transition metals. Furthermore, the chemical structures of these
water-soluble catalysts can be modified easily in a systematic
manner, and in this regard further optimization is envisioned.

Kinetic studies. Little is known about the resting states, oxidation
states and nuclearity of WOCs based on first-row transition
metals. To obtain some insight into our Fe-based systems, we
studied the 1Fe catalyst as a prototypical case for complexes of
the general formula [Fe(X)Z(LN4)], where LN stands for a tetraazadentate
ligand and X is a Cl or OTf ligand in a relative cis-position. We
first titrated a freshly prepared 1Fe (1 mM) solution in water with

809

© 2011 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/compfinder/10.1038/nchem.1140_comp1Fe
http://www.nature.com/compfinder/10.1038/nchem.1140_comp1Fe
http://www.nature.com/compfinder/10.1038/nchem.1140_comp2Cl
http://www.nature.com/compfinder/10.1038/nchem.1140_comp2OTf
http://www.nature.com/compfinder/10.1038/nchem.1140_comp3
http://www.nature.com/compfinder/10.1038/nchem.1140_comp4
http://www.nature.com/compfinder/10.1038/nchem.1140_comp5
http://www.nature.com/compfinder/10.1038/nchem.1140_comp5
http://www.nature.com/compfinder/10.1038/nchem.1140_comp2OTf
http://www.nature.com/compfinder/10.1038/nchem.1140_comp3
http://www.nature.com/compfinder/10.1038/nchem.1140_comp4
http://www.nature.com/compfinder/10.1038/nchem.1140_comp1Fe
http://www.nature.com/compfinder/10.1038/nchem.1140_comp4
http://www.nature.com/compfinder/10.1038/nchem.1140_comp2OTf
http://www.nature.com/compfinder/10.1038/nchem.1140_comp2Cl
http://www.nature.com/compfinder/10.1038/nchem.1140_comp2OTf
http://www.nature.com/compfinder/10.1038/nchem.1140_comp2Cl
http://www.nature.com/compfinder/10.1038/nchem.1140_comp2miOOH
http://www.nature.com/compfinder/10.1038/nchem.1140_comp2miOOH
http://www.nature.com/compfinder/10.1038/nchem.1140_comp6
http://www.nature.com/compfinder/10.1038/nchem.1140_comp7
http://www.nature.com/compfinder/10.1038/nchem.1140_comp1Fe
http://www.nature.com/compfinder/10.1038/nchem.1140_comp1Fe
http://www.nature.com/compfinder/10.1038/nchem.1140_comp2OTf
http://www.nature.com/compfinder/10.1038/nchem.1140_comp2Cl
http://www.nature.com/doifinder/10.1038/nchem.1140
www.nature.com/naturechemistry

ARTICLES

b
04 430 776 0.4
3 l | 3
& 034 ! ‘ & 03+
15 | @
5} 3
=4 I =4
g 0.2 ] ! _fé 0.2 1
2 ; ‘ 2 %
£ 01 N\ | £ 01 I
T | v
0 — —t T 0 T T T
300 500 700 900 1,100 300 500 700 900 1,100
Wavelength (nm) Wavelength (nm)
[4
N
g 0.84
£
= 0.6+ Y
>
3 044 A=776 nm
02 v
04— ; ; ‘ ‘ : :
0 500 1,000 1,500 2,500 3,500 4,500
Time (s)
d \
75 (Il v
s First addition of Ce(iv) Second addition of Ce(iv)
£ 504
S
3
= 25+
0 T T T T T T T
0 500 1,000 1,500 2,500 3,500 4,500
Time (s)
€ 301 B
25 1 o v
> 201 )
o | :
£ 159 v
o 107I I
5
04— ; ; ; ; ; ;
0 500 1,000 1,500 2,500 3,500 4,500
Time (s)

Figure 3 | Oxygen formation and cerium(iv) consumption monitored
on-line by a pressure transducer and UV-vis spectrometry. a, UV-vis
spectra of TFe(iv)=0 generated by reacting complex 1Fe (1 mM) solution in
water with 6 equiv. of Ce(iv) (1), on the addition of 75 equiv. of Ce(iv) to
TFe(iv)=0 (II) and after all the Ce(iv) was consumed and no further oxygen
evolution was observed (Il1). a.u. = arbitrary units. b, Spectrum recorded
after a second addition of 75 equiv. of Ce(iv) (IV) and the final spectrum
after all 1Fe(iv)=0 was consumed, and no more oxygen evolved (V). c-e,
Kinetic traces of [1Fe(iv)=0] (mM) monitored at 776 nm (¢), of [Ce(iv)]
(mM) monitored at 450 nm (d) and of A[O,] (TON) monitored by a
pressure transducer (e).

Ce(1v). The addition of 6 equiv. of CAN to a solution of 1Fe (1 mM)
led to a new band at A__ =776nm and £=280 M~ 'cm™'
in the ultraviolet-visible (UV-vis) spectrum, characteristic of
[Fe(IV)(O)(HZO)(MeZPy‘[acn)]”, 1Fe(1v)=0, which appeared to be
formed quantitatively on the basis of the intensity of the band
(Fig. 3, spectrum I)*%. Further characterization of 1Fe(1v)=0 was
obtained by ESI-MS (Supplementary Fig. S4) in H,O and matched
that of the recently described 1Fe(1v)=0 recorded in acetonitrile**.
Under these conditions, 1Fe(1v)=0 was persistent, with a half-life
of 2.4 hours. This high stability clearly indicates that water
oxidation does not take place at 1Fe(1iv)=0. On further addition of
75 equiv. of CAN the pressure transducer recorded a fast increase
of the gas pressure up to 17.6 equiv. of oxygen. The oxygen
evolution was in agreement with the cerium consumption (ratio
(Ce(1v)/0O,) = 4.2; further information is given in Supplementary
Fig. S11 and Table S3).
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In parallel, the absorbance of the UV-vis spectral features that
correspond to Ce(1v) and 1Fe(1v)=0 decreased (Fig. 3, spectrum
II — spectrum III). When all the Ce(1v) was consumed the UV-
vis spectrum showed that the concentration of 1Fe(1iv)=0O had
decreased by about 50% (Fig. 3, spectrum III). Further, 10.7 TON
of O, was generated by a subsequent CAN (75 equiv.) addition
with concomitant Ce(rv) and oxo-iron(rv) consumption. The
initial TOF after the first CAN addition was 233 h™'. The initial
TOF after the second CAN addition was smaller (89 h™'). The
second TOF value could be estimated as 50% of the first value.
The system is very complex and the slight change in TOF may
have multiple reasons. For example, a physical change on the reac-
tion medium, such as pH or the presence of Ce(1m), could modify the
reaction rate. In addition, the concentration of 1Fe(1v)=0 may be
somewhat overestimated in the UV-vis spectra because of the pres-
ence of some other species that absorb at the same wavelength.
Finally, after 1Fe(1v)=0 was consumed, no more O, was formed.
These experimental observations suggest that 1Fe(1rv)=0 is the cat-
alyst resting state, and that the addition of Ce(1v) may generate oxo-
iron species with a higher oxidation state than 1v, and these are
directly responsible for the water-oxidation event. Eventually, the
1Fe(tv)=0 was consumed after several catalytic cycles. Taking
into consideration the highly oxidant and acidic conditions of the
catalytic reactions, catalyst decomposition probably involves
ligand oxidation, hydrolysis of the metal complex or both. Further
studies to clarify this are underway.

To obtain further insights into the mechanism, we monitored
simultaneously the evolution of oxygen (using a pressure trans-
ducer) and the consumption of Ce(1v) (using UV-vis spectroscopy).
The kinetic study was performed in the 2 mM > [1Fe] > 0.075 mM
range at pH = 1.0 (kinetic study details are given in Supplementary
Section S2.5). First of all, the simultaneous oxygen evolution/
cerium consumption indicates that the O, formed per CAN
consumption corresponded approximately to the expected
stoichiometric ratio (1:4) in all the kinetic experiments (see
Supplementary Fig. S11 and Table S3). The initial reaction rates
for Ce(v) consumed agree with a first-order process in
[1Fe(tv)=0] (see Supplementary Figs S12-S15). Identical
reaction rates were measured in D,0 and revealed a lack of
solvent isotope effect (see Supplementary Table S3). Although the
order in Ce(1v) was 0.83 at low Ce(1v) concentrations (5-20 mM),
at higher concentrations (25-80 mM) the order decreased to zero
(see Supplementary Figs S16-S20). Therefore, the rate-determining
step (RDS) at low Ce(1v) concentrations could be viewed as a
bimolecular ~ 1Fe(1tv)=0/Ce(1v)  reaction, which excludes
possible bimetallic iron pathways. The change of the initial
rate order at high Ce(1v) concentrations could be attributed to
the formation of a reversible 1Fe(1v)=0/Ce(1v) interaction before
the RDS. In this regard, a Lewis acid interaction between
Sc®T and the oxo-iron(1v) unit in [Fe(tv)(O)(tme))]*" (tmc = tetra-
methylcyclam) was documented recently?®’.

On the basis of all the experimental evidence, we propose that iron
complexes of general formula [Fe(X)Z(LN4)] share a common catalytic
cycle (Fig. 4). Spectroscopic monitoring demonstrates that the initial
Fe(r) complexes [Fe(X)z(LN4)] are oxidized immediately by the excess
of Ce(v) to vyield the resting-state water-oxo compound
[Fe(Iv)(O)(HZO)(LN4)]2+, L™*Fe(1v)=0. The bimolecular rate law
extracted from the kinetic analysis suggests that the RDS involves
further le~ oxidation of the oxo-iron(1v) complex by Ce(1v), to
form a highly oxidizing [Fe(v)(O)(OHz)(LN4)]3+ intermediate.
Given the high oxidation state of the metal centre, the water ligand
must be very acidic and the [Fe(v)(O)(OH)(LN*)]*" intermediate
L™Fe(v)=0 is expected to be formed. Subsequent attack of a water
molecule, assisted by a hydrogen-bond interaction with the hydroxide
ligand, forms the O-O bond, which reduces the iron(v) to form the
[Fe(m)(OOH)(HZO)(LN“)]2+ intermediate LN*Fe(1r)-OOH.
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Figure 4 | Postulated mechanism for water oxidation by iron complexes based on tetradentate nitrogen ligands. a, In the catalytic cycle the only
intermediate observed was complex 1Fe(iv)=0, which constituted the resting state. All the other intermediates are postulated. b, Iron complexes containing
neutral tetradentate nitrogen ligands that provide two cis labile coordination sites gave highly active WOCs. ¢, Oxygen isotopic distribution of O, obtained
with catalyst 1Fe under typical reaction conditions in a water solution that contained 6% of H;BO. d, One proposed mechanism for the O-O bond formation

at the CaMn, cluster in the natural PSII (ref. 36).

The closure of the catalytic cycle can be envisioned as two
possible pathways. The first possibility comprises further oxidation
of intermediate L™N*Fe(ir)-OOH to give LN*Fe(tv)-OOH  or
LN*Fe(v)-OOH, and O, extrusion via reduction of the metal
centre to Fe(u) or Fe(r), respectively. This mechanism finds pre-
cedent in the water oxidation at mononuclear ruthenium com-
plexes?®. Redox potential (E, /2) values for Fe(1v)/Fe(ur) couples in
complexes with N-rich ligands are in the range 0.39 to 0.79 V
versus a saturated calomel electrode?-3!, and therefore oxidation
by Ce(tv) is envisioned as a thermodynamically favourable
process. Indeed, 1Fe(1v)=0 is formed rapidly by reaction of 1Fe
with CAN. In addition, [Fe(IV)(OOtBu)(OH)(mcp)]ZJr species
have been prepared by the oxidation of [Fe(HI)(OOtBu)(mcp)]2+
with HOOtBu (ref. 32).

The second possibility involves protonation of the hydroperoxide
ligand in LN*Fe(m)-OOH extruding H,0, and forming a Fe(im)
species that is oxidized rapidly by Ce(1v), and thus closes the cataly-
tic cycle. Fast and quantitative H,O, oxidation to give O, by Ce(1v)
was demonstrated indirectly by measurement of the stoichiometric
amount of O, formed after adding H,O, to a typical reaction
mixture with 125 mM CAN. This scenario needs to take into
account that 2e” oxidation of H,O to form H,O, at low pH
values has a high E, , and, a priori, oxidation by CAN is slightly
thermodynamically unfavourable (AE, ,, = —0.15). However, coup-
ling this reaction with fast H,O, oxidation by CAN may drive the
overall process. In addition, redox potentials are referred to stoichio-
metric amounts of oxidizing and reducing species, and in the pres-
ence of a large excess of CAN the actual potential of the oxidant may
be substantially higher.

Concerning the crucial O-O bond-formation reaction, we favour
this scheme over other plausible interpretations because the micro-
scopic reverse reaction, which involves the heterolytic cleavage of
the O-O bond in LN*Fe(i1)-OOH species to form LN4Fe(v)=0,
has been described in catalytic alkane and alkene oxidations mediated
by [Fe(X),(L™*)] complexes®*~%. Previous density functional theory
calculations on the transformation of L™*Fe(r)-OOH into

NATURE CHEMISTRY | VOL 3 | OCTOBER 2011 | www.nature.com/naturechemistry

LN*Fe(v)=0 and H,0 (L=tpa, mep and M**Pytacn) computed
surmountable activation barriers for O-O lysis/formation reactions,
with only a slight thermodynamic preference for the high oxidation
state. However, under the highly acidic (pH ~ 1) conditions for
water-oxidation reactions, overstabilization of the lower oxidation
states must translate into thermodynamic favouring of the reverse
0-0 bond-forming reaction.

We notice that the suggested transition state for the O-O bond
lysis formation is comparable with one of the mechanisms proposed
for the O-O bond formation at the CaMn, cluster in the natural
PSII (ref. 36).

In summary, the highly water-soluble catalytic systems presented
in this work are based on abundant, environmentally benign iron-
based coordination complexes. As far as we know, activities
(TON) exhibited by these catalysts constitute the highest values
per atom for any first-row transition metal system under homo-
geneous conditions reported to date, and approach those of the
most active Ru- and Ir-based systems. Ligand availability, modular-
ity and versatility of such of coordination complexes are open to the
systematic study of a large number of structures. This must allow
pinpointing key structural and electronic features of the iron com-
plexes that sustain efficient water oxidation, and eventually will
lead to superior catalysts. Already, the present study has allowed
us to establish that the presence of two cis free coordination sites
is a structural key aspect for catalysis. Furthermore, we envision
that this motive could represent a general key structural aspect
useful in the conceptual design of iron-based homogeneous and
heterogeneous WOCs. The highly modular characteristics of the
system also suggest that it will be suitable for catalyst hetero-
genization on solid supports (that is, SiO,, zeolites, metal-organic
frameworks, etc.). Studies aimed at coupling the present systems
with photochemical and electrochemical oxidation, as well as
detailed studies on the mechanism, are in progress. Iron-based
catalysts described herein clearly fill a gap in the design of water-
splitting systems, which could eventually enable sustainable artificial
photosynthetic schemes.
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Methods

Materials. Reagents and solvents were purchased from commercial sources and used
as received, unless otherwise stated. CAN ([[Ce(1v)(NO;)¢](NH,),]) >98% purity
and >99.99% purity on a trace-metals basis and NalO, > 99.8% purity were
purchased from Sigma-Aldrich and used without further purification. H,"*0 (98%
180_enriched) was acquired from ICON Services (Summit, New Jersey). Solvents
were purchased from SDS and Scharlab. Solvents were purified and dried by passing
through an activated alumina purification system (MBraun SPS-800) and stored in
an anaerobic glovebox. Preparations of 1Fe (ref. 23), 1Mn (ref. 37), 20Tf (ref. 38),
2Cl (ref. 38), 3 (ref. 39), 4 (ref. 40), 5 (ref. 41), 6 (ref. 42) and 7 (ref. 43) were carried
out as described previously. Water (18.2 M()-cm) was purified with a Milli-Q
Millipore Gradient AIS system. Further details of the materials are given in the
Supplementary Information.

Physical methods. ESI-MS experiments were performed on a Bruker Daltonics
Esquire 3000 Spectrometer by introducing samples directly into the ESI source using
a syringe pump. GC-MS spectral analyses of isotopic labelled O, were performed on
an Agilent Series 7890A model G3440A GC chromatograph interfaced with an
Agilent Series 5975C MS model G3245A mass spectrometer. UV-vis near infrared
spectra were recorded on an Agilent 8453 diode array spectrophotometer
(190-1,100 nm range) in 1 cm quartz cells. The temperature control was performed
with a cryostat from Unisoku Scientific Instruments, Japan. DLS experiments were
performed on a Zetasizer Nano ZS, Malvern Instruments (particle-size distribution
from 0.6 to 6,000 nm). NTA experiments were carried out on a NL20 NanoSight
(particle concentration measurement 10-2,000 nm). DLS and NTA were carried out
at the analysis laboratories of the Institut de Ciéncia de Materials de Barcelona.
Further details of the physical methods are given in the Supplementary Information.

Gas-evolution parallel catalytic studies. A typical run of eight experiments was
conducted as follows. All water-oxidation reactions were performed in a 15 ml vial
capped with septa and equipped with stir bars. The reactions were performed under
an air atmosphere. Negligible differences were obtained when reactions were
performed under N, or Ar. Each of the eight volume-calibrated vials that contained
the oxidant-water solution (that is, 125 mM, 9.5 ml) were connected to one port of a
differential pressure transducer sensor (Honeywell-ASCX15DN, +15 psi). Each
reaction had its reference reaction, which was connected to the other port of the
differential pressure transducer sensor. The reaction and reference vials were kept
under the same experimental conditions to reduce the system noise because of
temperature and pressure fluctuations. Subsequently, the reactions were initiated by
adding catalyst solutions in Milli-Q water (250 wM, 0.5 ml) via a syringe through
septa (typically the final solution had a molarity of 12.5 wM and a final volume of
10 ml, headspace 7.30+0.05 ml). The oxygen evolution of the reactions was
monitored by recording the headspace pressure increase (one second intervals). The
pressure increase resulted from the difference in pressure between the reaction and
reference vials. After the oxygen evolution reached a plateau, the amount of the
formed gas was captured and measured by equilibrating the pressure between the
reaction and reference vials. The oxygen contained in each of the reaction vials was
measured by analysing an aliquot of gas captured at the headspace (0.1 ml) by GC.
GC measurements of O, corroborated the values obtained by pressure increments.
Oxygen traces (Supplementary Figs S6-S10) show single-run reactions, although
the final TON and TOF values given in Table 1 and the Supplementary tables were
calculated from at least an average of three runs. Further details are given in the
Supplementary Information.

Identification and quantification of gases by GC. Oxygen concentrations at the
headspace were analysed with an Agilent 7820A GC System equipped with columns,
washed molecular sieve 5A, 2 m x 1/8 inch outside diameter (OD), Mesh 60,/80 SS
and Porapak Q, 4 m x 1/8 inch OD, Mesh 80/100 SS, and a thermal conductivity
detector. The O, amount obtained was calculated by the difference between air
and O,, and the reaction measured. O, /N, calibration was performed using
previously prepared different O, /N, mixtures. Further details are given in the
Supplementary Information.
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