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ABSTRACT: Recently it was discovered that the iron
coordination complex LN*Fe(II)(OTf), (1) (LN* = neutral
tetraazadendate ligand and OTf = OSO,CF;) and its
analogues are efficient water oxidizing catalysts (WOCs) in
aqueous acidic solution with excess amount of ceric(IV)
ammonium nitrate (CAN), [Ce(IV)(NO,)s](NH,),, as
sacrificial oxidants. The probable mechanism of water
oxidation by these catalysts was explored on the basis of
density functional theory (DFT) and time-dependent DFT

i
LM4Fe(IV)OH, Ce(IV)

f
LN“Fe(IV)OH,

Ce(lliy
Oz+3H* 2(v) O+3H* 20v)
+3Ce (Il
( Ceflll+H* +3Cellll CelllysH*
Q VS o]
1
LMFe(V)OH LN*Fe(IV)OH
3(V) 3(Iv)
H0+3Ce(lv) ~ QOH / Hy0+3Ce(lv) © QOH /
LNFe(ill)-OH, H0 LMFe(1V)-OHy H0

() 4v)

(TD-DFT) calculations for 1 as a representative WOC. We examined the conversion of 1 to the resting intermediate
[LN*Fe(IV)(0)(OH,)]** [2(IV)] as well as two catalytic cycles involving 2(IV): one proposed by Fillol et al. [Nat. Chem. 2011,
3, 1] in which the Fe oxidation states of the intermediate species vary from +2 to +S, and the alternative cycle in which they
remain constant at +4. In addition, we investigated the role of the sacrificial oxidant CAN in driving the catalytic cycle. Our DFT
and TD-DFT calculations confirm the experimental observation that 2(IV) is the resting species, and indicate that the catalytic
cycle in which the Fe oxidation states of the intermediate species remain at +4 is energetically more favorable.

1. INTRODUCTION

In coping with the energy shorta§e in the near future expected
from the depletion of fossil fuels,"* it is a crucial task to search
for renewable energy resources based on solar energy. An
important goal of extensive research efforts toward such
renewable energy resources is to find effective ways of utilizing
sunlight energy. Studies of artificial photosynthetic reactions
aimed at understanding the factors controlling the water
splitting process, 2H,0 — 2H, + O,, have received much
attention.” "' This uphill-energy reaction (AG® = 113 kcal/
mol) consists of the H, formation and water oxidation
processes (eq 1). The water oxidation catalysis requires a
multielectron stepwise buildup of high redox potentials and is
hence the bottleneck of the water splitting process based on
sunlight.

4H" + 4e” > 2H, (1a)

(1b)

Since the revolutionary work of Fujishima and Honda,"
numerous photoanodes coupled with various water oxidation
catalysts (WOCs) have been designed. Recently, a series of
transition-metal substituted polyoxometalate (POM) has been
found to be efficient WOCs in homogeneous light-driven water
oxidation systems."”~*° Efficient homogeneous WOCs are
mostly based on scarce transition metals. The search for readily
available WOCs has recently led Fillol et al.>' to discover that,
in aqueous acidic solution (pH 1) with excess amount of
ceric(IV) ammonium nitrate (CAN),** [Ce(IV)(NO;)4]-

2H,0 = O, + 4H" + 4e”
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(NH,),, as sacrificial oxidants, the iron coordination complexes
of the type LN*Fe(I1) (OTf), (1) (LN* = neutral tetraazadendate
ligand and OTf = OSO,CF;) dissolved in water catalyze
homogeneous water oxidation to give O, with high efficiency
during a period of hours. In view of the potential importance of
these iron-based WOCs, it is imperative to investigate the
proposed mechanism on the basis of electronic structure
calculations. The objective of the present study is to understand
the water oxidation mechanism of the WOCs, which we explore
on the basis of DFT electronic structure calculations for 1. We
expect that the outcome of our study will enable one to better
understand the factors governing the water oxidation by the
WOCs and ultimately pave a way to produce more efficient
WOCs.
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2. DETAILS OF CALCULATIONS

OTf 1
To gain insight into the water oxidation catalysis by 1 in an
aqueous acidic solution with excess amount of CAN, we carried
out DFT**** electronic structure calculations using the
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B3LYP? functional. For the ground state structures of some
reaction intermediates to be discussed below, we optimized
their structures with the 6-31G(d)* basis set and then we
calculated sin§le point energy with higher basis set 6-
311+G(d,p).27’ ® For the Ce atom in CAN and its related
species, we employed the Stuttgart RSC Segmented/ECP>’
basis set. The UV—vis excitation spectra for the ground-state
structures of the intermediate [LN*Fe(IV)(O)(OH,)]*, 2(1V),
and its reduced species, [LN*Fe(TIT)(O)(OH,)]*, 2(III), and
[LN*Fe(I1)(0) (OH,)]° 2(II), were calculated and the energies
of the 20 lowest-excited states were found by performing TD-
DFT***' calculations with the 6-31G(d) basis set. For the
geometry optimization and the excitation spectrum calculations
of a molecular species, the solvent effect was taken into
consideration by using the conductor polarizable continuum
model (CPCM).** DFT calculations were carried out using the
Gaussian09 program package.33
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In our use of the structure numbers designating various
molecular species, the oxidation states of their transition-metal
or rare-earth ions are given in parentheses. Thus, for example,
2(III) and 2(I1) have the same molecular formula but differ in
the number of electrons; namely, 2(IIT) and 2(II) have one and
two more electrons than does 2(IV), respectively. It should also
be pointed out that, in balancing the various equilibriums
concerning the addition/subtraction of protons and electrons,
we use the sacrificial oxidants CAN in aqueous solution (see
below).

In what follows, spin-polarized DFT calculations were
performed to optimize the structures of all molecular species
including those related to CAN, i.e., [Ce(IV)(NO;)s]*, 9(IV);
[Ce(I)(NO;)¢]%, 9(II); and [Ce(II)(NO;)s]>, 10(III),
were also optimized. The energies of the various molecular
species calculated with 6-31G (d) and 6-311+G (d,p) basis sets
are given in Table S1 of Supporting Information (SI) and the
enthalpy changes of the various reaction paths described in the
following in Table S2 of SL

3. FEASIBILITY OF FILLOL ET AL."S MECHANISM

To explain their experimental observations, Fillol et al?!
proposed the catalysis mechanism summarized in Figure 1. The
WOC 1 is initially converted to the intermediate 2(IV), which
subsequently becomes [LN*Fe(V)(O)(OH)]*, 3(V). Upon
adding H,O, the latter is converted to [LN*Fe(III)(OOH)-
(OH,)]*, 4(III), which then interacts with water and Ce(IV)
ions to produce O, and regenerate the intermediate 2(IV). In
this catalytic cycle, 2(IV) — 3(V) — 4(1l1) - 2(IV), the
intermediate 2(IV) is the only one identified experimentally,
and the rate-determining step of the catalytic cycle is the
conversion from 2(IV) to 3(V) according to the kinetic study
of Fillol et al. At present the energetics involved in each step of
the catalytic cycle is unknown. In this section, we evaluate the
feasibility of Fillol et al.’s mechanism by calculating the enthalpy
of each reaction step of the catalytic cycle on the basis of DFT
calculations.

3.1. Formation of 2(IV) from 1. Let us first examine how
the intermediate 2(IV) might be generated from the WOC 1.
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Figure 1. Fillol et al’s mechanism of the water oxidation catalysis by
LN¥Fe(11)(OTY), (1) (ref 21).

1+ 2H,0 — 2(IV) + 2TfO” + 2H" + 2¢~ AH,

)

It is possible that the oxidation of 1 may produce 2(II) and
2(III) on the way to 2(IV). To see if such reduced species of
2(IV) can also be involved in the catalytic cycle of the water
oxidation, we first examine the relative stabilities of 2(II),
2(III), and 2(IV). Our calculations reveal that the ground states
of 2(11), 2(IIT), and 2(IV) are S = 0, S = '/,, and S = 1 species,
respectively. The Fe-environments in 2(II), 2(1II), and 2(IV)
are distorted octahedral such that their t,,-block levels are split
into la < 2a < 3a as depicted in Figure 2. Thus, the d-block

3a+ l_a+

Za*

12}

Figure 2. Split pattern of the occupied t,-block levels of 2(IV) from
the spin-polarized DFT calculations.

electron configurations of 2(II), 2(III), and 2(IV) are given by
(1a)*(2a)*(32)% (1a)*(2a)*(3a)’, and (1a)*(2a)'(3a)!, respec-
tively, thereby leading to the S =0, S = 'y,and S =1 species,
respectively. Our DFT calculations indicate that 2(IV) is
considerably less stable than its reduced species 2(I) and
2(110).

2(II) - 2(11I) + e- AH, = 70.7 kcal/mol (3a)

2(IT) - 2(IV) + ¢~ AH,; = 153.3 kcal/mol (3b)

At this point, therefore, it is not possible to exclude the
possibility that 2(II) and 2(1II) are also involved in the catalytic
cycle of the water oxidation.

Fillo] et al. observed the intermediate 2(IV), i.e., a Fe(IV)=
O complex, by UV—vis spectroscopy measurements.”’ The
UV—vis spectrum of 2(IV) is very similar to those of other
nonheme Fe(IV)=0 complexes.'®''™ To confirm Fillol et
al’s observation, we calculate the absorption spectra of 2(II),
2(IlT), and 2(IV) by TD-DFT calculations. The resulting
spectra are compared in Figure 3, which shows that 2(II) with S
= 0 ion Fe(II) has excitation primarily below 450 nm. This is
understandable because the optical excitation, being the ligand-
to-metal change transfer in nature, must involve the empty €y
block levels that lie considerably higher in energy. Compound
2(111) with § = '/, ion Fe(IIl) has excitation primarily below
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Figure 3. Excitation spectra of [L™*Fe(II)(O)(OH,)]° [2(ID)],
[LN*EFe(1II) (O)(OH,)]* [2(111)], and [LN*Fe(IV)(O)(OH,)]*
[2(IV)] obtained from TD-DFT calculations.

550 nm with very weak excitations around 630 and 770 nm,
which results from the fact that now the one empty t,,-block
level (i.e, 3a) can participate in the optical excitation.
Compound 2(IV) with S = 1 ion Fe(IV) has strong excitations
around 720 and 820 nm, weak excitations around 490, 580, and
630 nm, and strong absorption below 450 nm (though not
shown in Figure 3). This is due to the participation of the two
empty t,-block levels (i.e, 2a and 3a) in the excitation. Among
2(10), Z(gIII), and 2(IV), the UV—vis spectrum calculated for
2(IV) is the only one that is consistent with the experimentally
observed spectrum of 2 reported in ref 21; the experimental
UV-—vis spectrum shows a peak around 776 nm, which is
related most likely to the strong excitation peaks around 720
and 820 nm calculated for 2(IV). This confirms Fillol et al.’s
identification of the intermediate 2(IV) by UV—vis spectros-
copy measurements.

The above discussion reveals that 2(IV) is less stable than
2(1I) and 2(11I), but is produced from 1 in the highly acidic
solution of CAN. The energetics involved in the formation of
2(I1), 2(III), and 2(IV) from 1 may be discussed by
considering the enthalpies calculated for the following
reactions:

1+ 2H' — [LYFe(I1)*T[8(11)] + 2HOTS
AH, = 24.1 kecal/mol (42)

8(I1) + 2H,0 — [LY*Fe(I1)(OH,), ** [7(1D)]
AH; = —3.9 kcal/mol (4b)

7(11) - [LV*Fe(IV)(OH,), [ [7(IV)] + 2e~
AHg = 357.0 kcal/mol (40)

7(IV) — [2(IV)] + 2H' AH, = 447.3 keal/mol  (44)

The overall reaction of the above four steps is equivalent to eq
2, for which the enthalpy change is AH,; = 824.6 kcal/mol. This
is a highly endothermic reaction. Therefore, the thermody-
namic driving force enabling the above reaction to take place
should be supplied by the energy gain resulting from the
reduction of the sacrificial oxidants CAN. Namely, the 9(IV)
part of CAN is reduced to form the anion 9(III)

9(IV) + e~ —» 9(Il) AH; = 111.6 kcal/mol (5a)

which subsequently becomes protonated to form 10(III) and
HNOj;, namely

9(11I) + H* — 10(1lI) + HNO,
AHy = —575.2 kcal/mol (5b)
Consequently, for the reaction
9(IV) + H + e~ — 10(IlI) + HNO,
AH,, = —463.6 kcal/mol (5¢)

The energy gain arising from the above reaction is due largely
to the protonation of a nitrate anion NO;~

NO,” + H" - HNO; AH,; = =270 kcal/mol  (5d)

which is calculated to be strongly exothermic. We now combine
egs 2 and Sc to obtain

1 + 2[Ce(IV)(NO,),]*"[9(1IV)] + 2H,0
— 2(IV) + 2TfO + 2[Ce(II1)(NO,) >~ [10(I11)]
+ 2HNO, AH,, = —102.6 kcal/mol (6)

Namely, the oxidation of 1 into 2(IV) is accompanied by the
reduction of 9(IV) to 10(III), which makes the overall reaction
exothermic. At this point we note that the oxidation of 1 takes
place in excess amount of CAN. Further, as discussed above,
the reduction of CAN is highly exothermic. Consequently, the
intermediates 2(II) and 2(III) would be readily oxidized to give
2(IV).

3.2. Oxidation of 2(IV). In Fillol et al.’s mechanism, the
intermediate 2(IV) loses an electron as well as a proton to form
the intermediate 3(V)

2(IV) — 3(V) + H" + e~ AH,, = 388.6 kcal/mol

(72)
Our calculations show the above reaction to be strongly
endothermic because losing a bound electron and deprotona-
tion of water require a considerable amount of energy. As

expected, the removal of a proton from 2(IV) leading to an
alternative intermediate [LN*Fe(IV)(O)(OH)]*, 3(IV)

2(IV) — 3(IV) + H*  AH,, = 276.8 keal/mol (7b)

is calculated to be considerably less endothermic than the
removal of an electron and a proton from 2(IV) by 112.2 kcal/
mol.

The 2(IV) — 3(V) conversion requires the coupling of eq 7a
with the removal of an electron and a proton by CAN, eq 5S¢,
leading to the combined reaction

2(IV) + 9(IV) — 3(V) + 10(IlI) + HNO,
AH,; = —75.0 kcal /mol (82)

The 2(IV) — 3(IV) conversion requires the coupling of eq 7b
with the protonation of the 9(III), eq Sb, leading to the
combined reaction

2(IV) + 9(III) — 3(IV) + 10(III) + HNO,
AH,; = —298.4 kcal/mol (8b)

According to these results, the 2(IV) — 3(IV) conversion is
more exothermic than the 2(IV) — 3(V) conversion by 223.4
kcal/mol. Therefore, in discussing the mechanism of the water
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oxidation, it is necessary to examine the possibility that the
2(IV) — 3(IV) conversion, rather than the 2(IV) — 3(V)
conversion, is the first step of the catalytic cycle. This question
is investigated further in the next section.

4, COMPARISON OF THE MECHANISMS INVOLVING
3(IV) AND 3(V)

In this section we probe the elementary reactions that are

associated with the intermediate 3(IV) and 3(V) in producing

O, and regenerating the intermediate 2(IV). The alternative

reaction mechanism involving 3(IV) is proposed in Figure 4. As

LN4Fe(lI)(OTH),

+ 1

0
i
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Ce(lll)y+H*
i
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LNFe(IV)-OH, H.0
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Figure 4. Alternative mechanism of the water oxidation catalysis by
LN*Fe(11)(OTf), (1). Elementary reactions associated with the 2(IV)
— 4(IV) conversion, where Ce(III)* refers to the [Ce(II1)(NO;)4]*
ion [ie, 9(II)]. 3(IV) refers to the species resulting from 3(V) of
Figure 1 by adding one electron, and 4(IV) to that resulting from
4(II1) of Figure 1 by removing one electron.

to how the intermediate 4(III) interacts with water and Ce(IV)
ions to produce O, and the intermediate 2(IV), we propose the
series of reactions depicted in Figure S. The corresponding

0
i
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/ 2(Iv)
QOH

LN4Fe(lll)-OH,
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OH,

[
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730)
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8(IIN) ‘>/ 5(lI)
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Figure S. Elementary reactions expected for the 4(Ill)— 2(IV)
conversions in the water oxidation mechanism proposed by Fillol et al.

reactions starting from the intermediate [LN*Fe(IV)(OOH)-
(OH,)]**, 4(IV), are presented in Figure 6. Compound 3(V)
accepts one H,0 to form the intermediate 4(III). Similarly,
3(IV) accepts one H,O to form 4(IV).

3(V) + H,0 — 4(Ill) AH,, = —5.2 kcal/mol (9a)
3(IV) + H,0 — 4(1V) + 2e~ AH,q = 278.4 kcal/mol
(9b)
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Figure 6. Elementary reactions associated with the 4(IV) — 2(IV)
conversions.

The 3(IV) — 4(IV) conversion requires the combination of eq
9b with the two-electron removal by CAN, eq 5c, leading to the
combined reaction

3(IV) + 2[Ce(IV)(NO,) ' [9(1V)] + H,0 + 2H"
— 4(IV) + 2[Ce(I11)(NO,);]*~[10(1I1)] + 2HNO,

(%)

Thus, the 3(IV) — 4(IV) conversion is more strongly
exothermic than the 3(V) — 4(1Il) conversion, namely, AH
[3(IV) — 4(IV)] = —648.7 kcal/mol versus AH [3(V) —
4(II)] = —5.2 kcal/mol.

For the formation of 2(IV) from 4(III), one can suppose the
following series of reactions:

AH,, = —648.7 kcal/mol

4(111) + H* — [LY*Fe(II1)(HOOH)(OH,) P* [5(111)]

AH,, = —241.7 kcal/mol (10a)
s(I1) — [L¥*Fe(111)(OH,) ¥ [6(111)] + HOOH

AH,, = 14.7 kcal/mol (10b)
6(I11) + H,0 — [LN*Fe(1I1)(OH,), ** [7(111)]

AH,, = 125.9 kcal/mol (10c)

7(II) + 2[Ce(IV)(NO; )7 [9(1V)]
— 2(IV) + 2HNO, + 2[Ce(II1)(NO, ") ]*~[10(I11)]
AH,; = —373.3 kcal/mol (10d)

Thus, the enthalpy change follows for the 4(IlI) — 2(IV)
conversion: AH [4(II1)—>2(IV)] = —474.4 kcal/mol. The
formation of 2(IV) from 4(IV) can be achieved by the
following series of reactions:

4(IV) + H" = [LV*Fe(IV)(HOOH)(OH,)]** [5(1V)]

AH,, = —186.3 kcal/mol (11a)
5(1V) — [LV*Fe(IV)(OH,)]**[6(1IV)] + HOOH

AH,, = —341.7 kcal/mol (11b)
6(IV) + H,0 — 7(IV) AH,, = 2.7 kcal/mol (11¢)
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7(IV) + 2NO,” — 2(IV) + 2HNO,
AH,, = —92.7 kcal/mol (11d)

Thus, the enthalpy change follows for the 4(IV) — 2(IV)
conversion: AH [4(IV)—>2(IV)] = —259.2 kcal/mol. (The
optimized structures of the intermediates S(III) and 5(IV)
determined from our DFT calculations are given in Figure S1
of SI).

Consequently, the enthalpy change for the 3(V) — 2(IV)
conversion, AH [3(V)—2(IV)] = —479.6 kcal/mol, is less
strongly exothermic than that for the 3(IV) — 2(IV)
conversion, AH [3(IV)—>2(IV)] = —907.9 kcal/mol. Fur-
thermore, we note that the 2(IV) — 3(IV) conversion is more
exothermic than the 2(IV) — 3(V) conversion by 223.4 kcal/
mol. As a consequence, the catalytic cycle involving the
intermediate 3(IV) is energetically more favorable than that
involving the intermediate 3(V).

Finally, we note that O, is produced by the oxidation of
HOOH with CAN (see eq ).

HOOH - O, + 2H"* + 2¢” AH,; = 68.8 keal/mol

(12)

Although this reaction is endothermic, it does not present any
problem because the other reactions of the catalytic cycle are
strongly exothermic.

5. CONCLUSION

In the present DFT/TD-DFT study we examined the
mechanism of water oxidation associated with the WOC 1 in
strongly acidic solution of CAN. Our calculations confirm the
conversion of 1 into 2(IV) observed by Fillol et al. The Fe
atom of 2(IV) exists as an S = 1 ion Fe(IV) because the d-
electrons are accommodated in the t,-block levels. For the
catalytic cycle, Fillol et al. proposed the sequence of reactions
that involve 2(IV) — 3(V) — 4(II) — S(II) — 6(II) — 7(1I)
— 2(IV). As an alternative catalytic cycle, we proposed the
sequence 2(IV) — 3(IV) — 4(IV) - 5(IV) - 6(IV) — 7(IV)
— 2(IV) in which all intermediates contain S = 1 ions Fe(IV).
Our calculations indicate that the alternative mechanism is
energetically more favorable. It would be of interest to
experimentally determine which mechanism, Fillol et al’s or
its alternative proposed in the present work, is more
appropriate for the water oxidation associated with the WOC
1 in strongly acidic solution of CAN. An interesting implication
of our study is that other 3d transition metal ions of d* electron
count generating an S = 1 electron configuration in an
octahedral environment might lead to efficient water oxidation
catalysis. Finally, we note that, in understanding the energetics
of a catalytic oxidation reaction, it is crucial to examine the
energetics associated with its sacrificial oxidant on an equal
footing.
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