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O, Evolution in the Fenton Reaction

Francesco Buda,*!* <! Bernd Ensing,?! Michiel C. M. Gribnau,! and Evert Jan Baerends*!?!

Abstract: We investigated the mechanism involved in the oxygen production in the
Fenton chemistry by means of density functional theory calculations. This study

extends previous work in which we proposed that the Fe'VO** complex is the key
active intermediate in the Fenton reaction. Here we provide a consistent picture of
the entire reaction cycle by analyzing how the active species, Fe!VO?*, can react with
hydrogen peroxide to produce O, and regenerate the Fe>* catalyst. These results are
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also relevant in view of the analogies with important enzyme-catalyzed oxidation

reactions.

Introduction

The Fenton reagent,/!l a mixture of ferrous ions and hydrogen
peroxide in water, has great relevance for the chemical
industry in view of its powerful oxidizing properties. Indeed,
Fenton reagents are used in the hydroxylation of aromatic
substrates (e.g., production of phenol with benzene as a
substrate),?l or for the treatment of contaminated waters
containing nonbiodegradable organic compounds.’! More-
over, the oxidative reactions of the Fenton chemistry show
analogies with fundamental processes in biology which are
involved in the etiology of diseases.! Therefore, an under-
standing of the microscopic mechanisms of the Fenton
chemistry is of fundamental importance and may have an
impact on very different fields and applications.

Though the history of the Fenton chemistry extends over
more than a century, basic questions about its mechanism and
the nature of the active intermediate still remain controver-
sial.>¢ 71 There are basically two alternative models which
have been proposed in the literature: in the first mechanism,
introduced by Haber and Weissl® and subsequently modified
by Barb et al.,l’) the oxidative intermediate is identified with
the free hydroxyl radical formed by the metal-catalyzed
decomposition of the hydrogen peroxide; the second mech-
anism involves the formation of a highly reactive, high-valent
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iron complex, such as the ferryl-oxo complex first proposed by
Bray and Gorin.[""!

Recently, we used density functional theory (DFT) calcu-
lations and ab initio molecular dynamics simulations to
investigate the initiation step in the Fenton reaction, both in
the vacuum['l and in the presence of the water solvent.['>14]
The main conclusion of this work is that a ferryl-oxo complex
can easily be produced in water starting from a primary
intermediate with the hydrogen peroxide coordinated to the
ferrous ion. The alternative model, in which a free OH"
radical, obtained from the hydrogen peroxide dissociation,
diffuses into the solvent seems energetically unlikely. Thus,
our results strongly support a mechanism in which the Fe'v-
oxo complex acts as the key intermediate.

Experimentally, in an excess of H,O, with respect to Fe**
ions, catalytic decomposition of hydrogen peroxide to pro-
duce water and O, accompanies the oxidation of Fe?* ions

[Eq. (1)]:1]
2H,0,—2H,0+ 0, )

Evidently, in order for FeO?" to be a viable active
intermediate, it should also be able to lead to O, production
in the presence of excess H,O,. It is the purpose of this paper
to investigate possible reaction mechanisms for the O,
production with the FeO?* intermediate.

Within the widely accepted hydroxyl radical mechanism,
the O, production has been explained in the absence of other
reagents, for example, an organic substrate, according to the
following reaction sequence:

Hydroxyl radical HO* mechanism:

Initiation reaction [Eq. (2)]:
Fe?* + H,0, — Fe?* + OH~ + HO" )
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O, production [Egs. (3)—(5)]:

HO" + H,0, — H,0 + HOO" 3)
HOO" + H,0, — 0, + H,0 + HO" @)
HOO" + Fe** — Fe** + H* + O, )

Degradation reaction [Eq. (6)]:
HO" + Fe?* — Fe’* + OH- (6)

The initiation step [Eq. (2)] produces the active intermedi-
ate HO" and the Fe3* ion; Reactions (3)—(5) describe the
consumption of H,O, and concomitant evolution of O,; the
third step is a degradation step [Eq. (6)] in which the catalyst
is consumed by producing Fe3>*+OH~. Reactions (3) and 4
together describe the so-called Haber— Weiss cycle, a chain
reaction which consumes the H,0, reagent under O, evolu-
tion. There is considerable evidence against this “Haber—
Weiss cycle” (see the recent review by Koppenol!')), and it
is now considered much more likely that Reaction (5), which
regenerates the Fe’* catalyst, is responsible for the O,
production, although the concentration ratio [Fe’*] <« [H,O,]
is not in favor of Reaction (5).

The question we want to address here is how the O,
production can be explained within a mechanism in which
not the HO" but the Fe™O?* complex is the active species.
According to the model initially proposed by Bray and
Gorin,'! the following reaction sequence may describe the
catalytic cycle:

Fe'-oxo complex mechanism:

Initiation reaction [Eq. (7)]:

Fe?* + H,0, — FeO** + H,0 7
O, production [Eq. (8)]:

FeO?* + H,0, — Fe** + 0, + H,0 ®)
Degradation reaction [Eq. (9)]:

FeO?*" + Fe?* + H,0 — 2Fe*" +2HO~ )

The initiation step [Eq. (7)] produces the FeO?* active
intermediate; the second step [Eq. (8)] describes the H,O,
consumption and concomitant evolution of O, as well as the
regeneration of the Fe?* catalyst; the third step [Eq. (9)]
represents a possible catalyst termination reaction.

A full understanding of the Fenton reaction mechanism
must explain not only the initiation step and the nature of the
active species, but also the O, evolution and the catalyst
regeneration. In our previous theoretical work,''"4l we
focused on the formation of the active intermediate (initiation
step [Eq. (7)] in the reaction sequence above). In the present
paper, we extend our DFT investigation to the O, production
plus regeneration of the catalyst (Fe**) in the Fenton reaction,
assuming that the Fe™-oxo complex is the active species
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formed. Specifically, we focus on Reaction (10) (second step
[Eq. (8)] of the reaction sequence above):

[(H,0)sFeVO*" H,0, — [(H,0)Fe"]** + O, (10)

We assume implicitly an excess of hydrogen peroxide with
respect to Fe* ions, since oxygen production is actually
observed experimentally under such conditions. Therefore,
the aim of this work is two-fold: we want to explore the
microscopic mechanism behind the oxygen production, and at
the same time present evidence for the ferryl-oxo model by
providing a consistent picture for the experimentally observed
oxygen production in the Fenton reaction. We consider three
different routes as a possible first step towards the reaction
product (see Scheme 1): i) direct O-O bond formation,
ii) hydrogen abstraction, and iii) ligand exchange of hydrogen
peroxide with a water in the first coordination shell.

[(H0)sFeVOP* +H,0;  ——3m=  [(H0)6Fe!'?* +0,

i) O-O bond formation H

/

Fe=O — O
0
/
H
ii) Hydrogen abstraction

O

Fe=0 wmmm H\/ \
O

H

iii) H,O, exchanges with a water ligand
H(T —oH

Fe=0

Scheme 1. Mechanisms for O, evolution.

Herein, we describe and compare the results obtained for
the alternative scenarios considered, and also discuss the
implications of these results for the efficiency of the Fenton
reaction within the context of the controversy concerning the
radical and non-radical mechanisms proposed in the liter-
ature.

Methods and Calculations

The density functional theory!'”) calculations were performed with the ADF
(Amsterdam Density Functional) code.l'! We used the Generalized
Gradient Approximation (GGA) in the form proposed by Becke and
Perdew!"” 21 (BP) which has been shown to be accurate in reproducing the
electronic structure and geometry of the hexaaqua-Fe?* complex.!'!l In the
ADF code, the electronic orbitals are written in terms of Slater-type
orbitals (STO). We use a triple-zeta basis set with one polarization function
(this choice corresponds to the basis set IV in the ADF package). The
orbital 1s of oxygen and the orbitals up to the 3p of Fe are included as core
functions in the calculations.

Frequency calculations have been calculated for all structures appearing in
the Figures. They confirm the results of the geometry optimizations and the
transition state searches. In particular, the transition states are all
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characterized by a single imaginary frequency, and the corre-
sponding mode corresponds to the expected crossing of the
barrier maximum. The geometry optimizations have led to
proper minima; however, the following comment is in order: in
a number of cases there is one extremely low frequency mode
(sometimes even below the numerical precision of the calcula-
tion, and then either negative or positive). This corresponds in
each case to a practically free rotation around a very weak bond
between a first coordination sphere ligand and a second
coordination sphere ligand. In two cases, the weak bond is a
hydrogen bond, namely that depicted in Figure 1a and Figure 3d.
In the case of Figure 4a, this concerns a bond between the O of
the FeO group and the O of the incoming hydrogen peroxide.

Results

Molecular orbital analysis of the Fe'Y-oxo complex:
We start this section with a molecular orbital (MO)
analysis of the ferryl-oxo complex since this picture
will be useful in the interpretation of the reactivity
with hydrogen peroxide described in the following.
Moreover, we introduce here some of the orbital
notation which will be used throughout the paper.

We found that the [(H,O)sFe™YOJ** complex has a
high-spin ground state (§=2) with an average
Fe - Oy, distance of 2.11 A, and a short Fe-O
distance of 1.63 A.l The Fe—O bonding in this
complex can be described in analogy to the bonding
situation in triplet dioxygen, as already pointed out in
the literature for iron-oxo species in the gas phase.?!!

Indeed the ground state of FeO?" (assuming
the FeO bond along the z axis) has a
10°20? 17217381, 81,2 2m} 2,)  configuration, with
four singly occupied orbitals (see Table 1). where
O(1s) and Fe 1s—-3p are considered as core orbitals
and are not included in the orbital count. The triplet
state of O, shows the same binding block, that is,
above the O(2s) orbitals three doubly occupied (o?,
1nZ, 1n}) bonding orbitals, and two singly occupied
antibonding orbitals (2}, 25t}). In the case of FeO**,
the O,,—-O,, 0 and m (anti)bonding is replaced by the
Fesy—O,, 6 and & bonding and antibonding. The two
electrons that FeO?* has in excess of O, enter the up-
spin nonbonding 3dd orbitals. Note that the o spin
orbitals are stabilized by a few eV with respect to the
corresponding {3 spin orbitals, as a consequence of the
exchange potential.

The MO structure of the [(H,0)sFe'VO]** complex
in Table 2 can be understood from the perturbation of
the basic FeO?* pattern of Table 1 by the aqua ligands
as follows. We recognize as the 10 lowest levels in
Table 2 (the 12a’-16a! block) the set of H,O o
lonepair (2a,)-derived spin orbitals. Next, one en-
counters the up-spin i orbitals of FeO?** (17,18a') and
the 8/,. The degeneracy of this orbital with 6'127‘,2 is,
however, totally lost, the 6)[27),2 is strongly destabi-
lized by pushing up by water lonepair orbitals, the
antibonding combination ending up as 26al, 2.7 eV
above the 8], (19a'). The 20" of FeO*", with more d.:
character, see Table 1, is destabilized somewhat more
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Table 1. One-electron energies and percent composition (in brackets) of the lowest
unoccupied and highest occupied molecular orbitals of Fe'VO>* in the §=2 ground

state.
Orbital afeV] Spina Spin 3
unoccupied orbitals

24,2} (antib.) ~21 Pe Py (56) = d... . (42)
30! (antib.) —-222 d.. (61) —p, (25)
30/ (antib.) —233 p, (48)—d.. (37)
LI 6}‘2% (non-bond.) —23.5 dy,de e

occupied orbitals
2mt), m] (antib.) —245 p,p,(67)—d,. d, (32)
1m!, 1z} (bond.) —253 d,., d,; (58)-+p., p, (41)
20!(bond.) -27.0 p. (63)+d.- (28)
8}, 8l . (non-bond.) —273 d,, dye
1}, 1z} (bond.) -278 d,,d,, (67)+p. p, (32)
20! (bond.) —283 d.»(53)+p. (39)
1ot — 400 25 (95)
lo! —-409 2s(97)

Table 2. One-electron energies and percentage composition (in brackets) of the
lowest unoccupied and highest occupied molecular orbitals of [(H,O)sFe!VOJ** in the
S =2 ground state in terms of the FeO?* and (H,0); fragments. The 2a, and 1b, orbitals
correspond to the HOMO —1 o lonepair and HOMO =z lonepair of the waters,

respectively.
Orbital ¢[eV] Spin o Spin
unoccupied orbitals
29al —12.61 30 (83) —2a, (9)
28al —13.61 Oz, (81) —1b, (10)
27al —13.64 2m, (96)
26a! —13.72 27w, (94)
29al —14.07 30 (81) —2a, (10) —1b, (5)
25al —14.74 d,, (90) —1b, (8)
occupied orbitals
FeO" levels
28a! -16.02  2m, (95) —1b, (2)
27al —16.06 2m, (93) —1b, (5)
26al! —1632 9,2, (51) —1b, (34) —2a,(11)
24al —16.78 1m, (53) — 1b, (40)
23a! —17.09 1m, (53) — 1b, (41)
H,O — 1b, levels
254! —17.33  1b, (72) - 9,, (25)
244! —17.39  1b, (86) —1m, (4)
234! —17.49 1b, (90)+1m, (4)+2m, (4)
224t —-17.51 1b, (92)+1m, (7)
21a! —17.78 1b,(64)+1m, (28)
20a! —17.81 1by(72)+1m, (14)
19a! —17.87 1b,(79)+9,,(5)
224! —17.85 1b, (90)+1m, (4)
21d! —18.13  1b,(45)+2a, (37)+9,._,> (13)
18a! —18.27 1b, (56)+1m, (37)
FeO?" levels
17a! —18.38 20 (78) —2a, (13)
20a! —1891 20 (61)—2a; (32)
19a’ —19.02  9,, (71)+1b, (24)
18a’ —19.58 1m;, (90)+1b, (3)
17a’ —19.65 1m, (77)+1b, (11)+2a, (6)
H,0 —2a, levels
16a! —20.17 2a,(88)
15a! —20.33 2a,(70)4+20 (9)+8,._,2 (7)
16a’ —20.40 2a,(76)+1m, (13)
14a! —20.54 2a, (88)
15a’ —20.70  2a, (86)+1m, (2)
13al —20.82 2a; (76)+20 (9)49,2_,2 (6)
14a’ —20.97 2a; (44)+20 (26)+9,2_,2(13)+1b, (8)
13al —21.33  2a; (63)+9,._,» (14)4+20 (12)
12at —21.56 2a, (83)+30 (4)
12a! —21.86 2a; (76)+9,._,2 (8)+30 (7)
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by the axial water 2a, than the down-spin 2¢' with consid-
erably less d.. character. The gap between the 20!, 20! pair
(20a', 17a') is reduced to 0.53 €V in the aqua complex. The
10 H,O 1b, lonepair spin orbitals are inserted in between the
20! and 1}, 1t} of FeO?". They push 8}, down, so it ends up
just below 20" while in FeO?* it was 1 eV above 20'. The lowest
unoccupied a-spin orbital is the FeO** 30! antibonding orbital
(d.>—2p.), pushed up by H,O lonepairs (29a'). This orbital is
particularly relevant for the reactivity with hydrogen peroxide
as we will discuss in the following.

Thermodynamic stability of the reaction: Before discussing
the possible microscopic reaction mechanisms, we first
establish whether the Reaction (10) is endothermic or exo-
thermic. A geometry optimization of the reactants complex
on the left-hand side of Reaction (10) (complex 1 throughout
the paper) shows that the hydrogen peroxide forms a strong
hydrogen bond with one of the water ligands (Figure 1a). The
complexation energy, that is the energy gain involved in the
formation of this hydrogen-bonding interaction, is
24.7 kcalmol~!, thus much higher than the typical hydrogen
bond strength of 4 kcalmol~!. Also the O---O distance of
2.53 A is much shorter than the 2.88 A found for the typical
hydrogen bond in a water dimer by means of the same
functional. This result is analogous to that previously found
for the interaction between a pentaaqua-Fe* complex with a
water in the second coordination shell.'l An analysis of the
different energy contributions has shown that this bond has a
much higher electrostatic contribution in comparison to the H
bond found, for example, in a water dimer. We notice also
that, in the complex 1 (Figure 1a), an electronic charge of
0.16 e (according to a Mulliken population analysis) is trans-
ferred from the HOOH molecule to the Fe-oxo complex. The
dihedral angle of the HOOH is 102° (compared to ~110° for
HOOH in the vacuum). We have chosen the energy of the

optimized reactants complex 1 to be equal to zero for the
following comparisons.

a) B
[{H201Fe™ O 4 H.0, —— [(H.0)Fe17 40,
j' S “. §
T
g 8
4 ’
0 keal mol 224 keal mol™'

Figure 1. Optimized geometries of a) the reactants complex, the ferryl-oxo
complex plus hydrogen peroxide in the second coordination shell, and b) of
the final products, the hexaaqua-ferrous complex plus O,.

In Figure 1b, we show the optimized geometry of the
product on the right-hand side of Equation (10) (complex 2
throughout the paper). The dioxygen molecule is in its triplet
ground state (S=1) and forms a hydrogen bond with one
water ligand of the ferrous complex. In this case, the O - O
hydrogen bond length is 2.86 A and the complexation energy
is only ~4 kcalmol~!, thus corresponding to a typical hydro-

Chem. Eur. J. 2003, 9, 3436 -3444 www.chememj.org
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gen bond. The hexaaqua-Fe?* complex is in the high-spin (S =
2) ground state (for a detailed description of the electronic
structure of this complex see ref.[11]). The total energy of the
product in Figure 1b is 22.4 kcalmol™' lower than the
reactants complex, therefore the overall reaction is highly
exothermic according to our DFT-BP calculations.

Note that the total spin changes in Reaction (10): in fact the
Fe complex is in the S =2 state on both sides; however, the
ground state of O, is a triplet at variance from H,O, which has
S =0. The spin state is important for the determination of the
correct energetics of the reaction because, for example, the
triplet state of O, is experimentally ~222.5 kcalmol~! lower
than the singlet. The DFT calculation yields an excitation
energy of 26 kcalmol~!, which is a typical accuracy for an
excitation energy with a GGA functional. There is no danger
that singlet oxygen inadvertently plays a role in the calcu-
lations caused by an erroneous low energy of this state.

Direct O — O bond formation mechanism: We now investigate
the various reaction mechanisms of Scheme 1, starting with i),
direct O — O bond formation. Starting from the local minimum
of Figure 1a, we follow the reaction path defined by the
distance between the oxygen on the iron complex O” and the
oxygen O“ of H,0O, not involved in the hydrogen bond. The
energy profile along this reaction coordinate is shown in
Figure 2. The energy at each reaction coordinate value is

[(H;0):Fe O +H 0, — [(H,00Fe™ 0, " +H,0
¥ L)
& 3 N 4y
| o B gy o g o
: . Z
0.0 keal mol ™!

+28.5 keal mol™! —22.9 keal maol ™!

30

20 /

=
kY
Y

E/keal mol™

L
=

-20 |

-30
3.5 3

2.5 2

0“0 distance / A
Figure 2. O-0 bond formation mechanism: energy as a function of the
distance between the oxygen O” of the ferryl-oxo complex and the O of
H,0, not involved in the hydrogen bonding. We also show the config-

urations of the reactants complex (taken as zero of energy), transition state,
and product with their relative energies.

15 1

obtained by fixing the O*— O distance and optimizing all the
other coordinates. A transition state (TS) is found for an
O-0 distance of 1.56 A with an activation energy of
28.5 kcalmol~!. Note, however, that this activation energy
would be only ~4 kcal mol~! with respect to the free reactants
(see complexation energy in the previous section). The TS
complex (Figure 3a) can be described as a pentaaqua-Fe!!-
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hydroperoxo complex plus a hydroxyl radical. Therefore, we
have a concomitant cleavage of the hydrogen peroxide
O*-0* bond and the formation of a new O*- 0O bond which
gives rise to an OOH ligand. The activation energy is,
however, quite high since we lose energy in going from the
strong Fe—O bond to the weaker Fe— OOH bond. This can
also be seen from the increased Fe — O bond length (from 1.63
to 1.83 A at the TS) which is, in turn, related to the population
of the antibonding 30 orbital of FeO**.

Figure 3 shows a few snapshots describing the geometry
optimization starting from a configuration very close to the TS
(Figure 3a) up to the final product [(H,O);Fe™VO,]** + H,O
with dioxygen coordinated to iron and a water molecule in a
second coordination shell position (Figure 3d). We observe
that the OH radical abstracts a hydrogen from one water
ligand to form a new water molecule and an OH ligand
coordinated to iron (Figure 3b). This process is very similar to
that observed in the first step of the Fe!V-oxo complex
formation starting from H,0, coordinated to Fe!' and leading
to a tetraaqua-Fe'V-dihydroxo compound.l'! However, the
[(H,O),FeV(OH)(OOH)]** complex is not stable in the
presence of the noncoordinated water because a proton is
spontaneously transferred from the OOH ligand to the OH
ligand through this water molecule (Figure 3c, d). This
formation of coordinated O, from coordinated OOH by
transfer of the H via an intermediate H,O to a coordinated
OH, transforming it into coordinated H,O, is completely
analogous to the formation of the ferryl-oxo from the
dihydroxo complex by transfer of H from one OH ligand,
via an intermediate water molecule, to the other OH.[" After
full geometry relaxation the total binding energy of the
product (Figure 3d) (complex 3 throughout the paper) is
22.9 kcal mol~! lower than the initial complex 1.

a) h) ) di
b v
Y 1Yy Y s
b o Py o | g o
L] ] (] ]

+28.5 keal mol™! +15.3 keal mol™! 9.1 keal mol™  =22.9 keal mal™

Figure 3. O-0O bond formation mechanism: A few configurations and
energies are shown relative to the optimized reactants complex along the
geometry optimization starting from the transition state up to the
formation of the final complex with O, coordinated to the pentaaqua-
iron complex.

The reaction described in Figure 2 and 3 proceeds with
constant total spin S=2. We notice that the energy of
[(H,O)sFeYO,]** - H,O (Figure 3d), —22.9 kcalmol !, is very
close to that obtained for [(H,O)sFe]**-O, (Figure 1b),
—22.4 kcalmol~!. Therefore, the exchange of the dioxygen
ligand with a water molecule in the second coordination shell
is energetically possible. This step leads to the final product
with the regeneration of the catalyst and O, production.
However, it should be pointed out that complex 2 has a total
spin § =3, the O, being in the triplet state. Therefore, we have
to assume that some spin-flip process (induced by, e.g., spin—
orbit interaction) changes the total spin in the complex 3 from
S=2to S=3, followed by the departure of the O, molecule.

3440
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The calculated energy of complex 3 in the S =3 total spin state
is —22.1 kcalmol~!, thus the spin-flip does not imply a
significant energetic penalty. The additional a-spin density is
localized on the O, ligand, which goes from a singlet to a
triplet configuration (see also Table 3). Table 3 shows the
optimized geometry of complex 3 with the dioxygen ligand in

Table 3. Geometry of the complex [Fe(H,0)50,]** - H,O optimized with
the BP functional and with total spin S =2 and 3, respectively. The energy is
relative to the reactants complex [Fe(H,0)sO]** - H,O,.

[Fe(H,0);0,]** - H,0O §=2 §=3

E [kcalmol~'] -229 —-22.1
Fe-O dist[A] (eq. W) 2.13 213
Fe-O dist[A] (ax. W) 2.18 2.20
Fe-O dist[A] (O,) 1.94 223
0-0 dist[A] (0,) 1.26 1.25
Fe-O-0 angle[°] 130 156

—0.06, 0.03 0.04, 1.91

h
charge [e], spin <§> on O,

the S=2 and S=3 spin state. The main effect of the spin
polarization on the O, ligand is to significantly elongate the
bond with the iron center.??l Indeed a MO analysis shows that
in going from S =2 to §=3, an electron moves from a $-spin
MO characterized by a m bonding between one of the 1, O,
orbitals and the Fe §,, orbital, to an a-spin MO (unoccupied in
the §=2 state) with a m antibonding character between the
other 1m, O, orbital and the Fe §,, orbital. We have estimated
the bonding energy of the O, ligand with the pentaaqua-Fe
complex to be &6 kcalmol™! in the triplet configuration, and
~32 kcalmol~! in the singlet configuration. For comparison,
the bonding energy of a sixth water ligand to [Fe(H,O)s]** is
24.5 kcalmol 1.1 Thus, the dioxygen ligand in the triplet state
can leave the complex 3 and exchange with a water molecule
more easily.

Hydrogen abstraction mechanism: We now consider a differ-
ent reaction path in which the hydrogen peroxide approaches
the Fe-oxo complex along the FeO direction. We find a local
minimum, shown in Figure 4a (complex 4), which is only
5.3 kcalmol ! higher in energy compared to the local mini-
mum described above (Figure 1a). The complexation energy
is thus 19.3 kcalmol~"! in this case. However, the interaction
between the hydrogen peroxide and the Fe'V-oxo complex has
a very different nature in this configuration: first of all we
mention that, in spite of the large O®— O distance of 2.63 A, a
considerable electronic charge (about 0.5e¢) is transferred
from the hydrogen peroxide to the oxo-complex. As a
consequence of this charge transfer, the geometry of the
hydrogen peroxide becomes almost trans-planar with a
dihedral angle of 194°. This configuration is 3 kcalmol-!
higher than the optimized geometry of H,O, in vacuum,
which has a torsional angle of 110°. Thus, the torsion costs
relatively little energy, but the &* HOMO of H,0O, rises in
energy by about 1 eV. A trans-planar geometry is the ground
state of the isolated H,O," ion. An inspection of the molecular
orbitals of complex 4 shows that the electronic charge transfer
occurs from the antibonding m* HOMO of H,0O, to the

www.chemeurj.org Chem. Eur. J. 2003, 9, 3436 —3444
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antibonding a-spin LUMO (29a' in Table 2, mostly (81 %) 30
of FeO?*) of the Fe™-oxo complex (the 30 of FeO*" has much
O,,. character). The charge transfer is only between a-spin
orbitals, the FeO** 30! (29a' in the complex, see Table 2) being
at too high energy. So that the total spin density on the ferryl-
oxo complex increases and also the H,0, becomes spin
polarized, but with a net spin density of opposite sign.
Figure 4b, c gives the a-spin HOMO and LUMO, respective-
ly, of the complex shown in Figure 4a. This illustrates the
3d..—2p, antibonding character of FeO?** LUMO 3a. The
HOMO clearly shows that, when the H,O, approaches the
Fe™-oxo complex along the Fe—O direction, a bonding
overlap arises between the HOMO of H,O, and the lowest
unoccupied o-spin state (30) on the ferryl complex. The
LUMO is just the antibonding combination of these two
orbitals.

A few structural changes are noticeable which occur as a
consequence of this charge transfer: the Fe—O distance is
slightly elongated (1.68 vs 1.63 A) as a consequence of the
population of the 30 antibonding orbital and the O - O’ bond
of the peroxide is shortened (1.42 vs 1.48 A) because of a
smaller antibonding charge. In this local minimum, the H* of
H,0, is at 2.63 Afrom the O” of the iron complex, that is at the
same distance as the O“.

[(HOhsFe O 41,0,

[1}]

Figure 4. a) Local minimum with the H,O, approaching the ferryl complex
along the Fe — O direction. b) and ¢) The a-spin HOMO and LUMO of this
complex, respectively. The partial population of the 30 orbital of the ferryl-
oxo complex is evident.

We follow now the reaction path obtained by decreasing the
O7-H“ distance. The energy profile for the hydrogen
abstraction reaction [Eq. (11)] is shown in Figure 5 together
with a few configurations along the path:

[(H,0)sFelVO?* + HOOH — [(H,0);Fe"OHJ?* + OOH" (11)

(§=2)+(5=0) — (§=512) + (S=—10)

The energy of the transition state configuration, which
occurs for a O’—H® distance of 1.52 A(Figure 5, second
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configuration), is 6.9 kcal mol~! with respect to the same zero
of energy as in Figure 1a, and only 1.6 kcalmol~! higher than
the local minimum described above (Figure 5, first configu-
ration). Along this path, the remaining charge (and spin)
density on the a-spin m* orbital orthogonal to the plane of
OOH" is progressively transferred to the 30 orbital. In
Equation (11) we have also explicitly indicated the total spin
of the particles involved to illustrate that the number of
unpaired spins can change during the reaction although the
total spin is conserved. Indeed, the ground state of isolated
complex [(H,O)sFe™OH]?* has a total spin S =2.5 with five
unpaired electrons.

[{H,0)5Fe™ O+ HOOH — [{H,0)5Fe™OH |** + OOH -

(5=2) +i5=0) — (8=5/2) + (§=—1/2)
1 "y b
1 1 ]
» M g v Wi = M
-~ IL s
+5.3 keal mol™! +6.9 keal mol™! —4.5 keal mol™!
a
af. T e
’ 4 .I'\.I
=]
: , \
a 1
20 ,
& \
_2 ||
I|
=] \
-6

26 24 22 2 18 16 14 12 1

O7-0" distance / A

Figure 5. First step of the hydrogen abstraction mechanism: energy profile
along the O”—H* distance for the H-abstraction reaction.

In order to obtain the final product of the reaction with the
production of dioxygen, a second abstraction step is needed

[Eq. (12)].

[(HL,O);Fe"OHP* + OOH*  — [(H,0)Fe"P* + 0, (12)

(§=25) + (S=%) — (5=2) + (S=1)

Therefore, the OOH" radical has to rotate so that the H
comes close to the oxygen of the OH ligand. We find that this
“reorientation process” costs ~9.5 kcalmol~!, and that the H
is easily abstracted by the OH ligand from OOH" to form a
water ligand plus O, in the triplet state (Figure 6). Reac-
tion (12) is also exothermic by ~18 kcalmol .

It would be interesting to perform first-principles molecular
dynamics simulation to see how the reorientation process of
the OOH" radical can occur at room temperature in the
presence of the water solvent. We expect that the estimated
energy of 9.5 kcalmol™! in the vacuum may change signifi-
cantly as a result of the interaction of the radical with the
water molecules in the solvent. Moreover, another scenario
may be conceived in which the OOH" radical propagates into
the solvent initiating a chain reaction, as described in the
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[(H:0)FeMOH P + 00H - — [(H,03,Fe" 40,
b L 1
} f Y
- ™M = - Q* - . @ =
a A r1
-4.5 keal mol™! +5.0 keal mol™ 224 keal mol™'

Figure 6. Second step in the hydrogen-abstraction mechanism: a hydrogen
is abstracted from the OOH" radical to form the hexaaqua-Fe" complex
and O,.

Haber and Weiss radical mechanism. This will be the subject
of further investigations.

Based on the present results in the vacuum, we can
conclude that Mechanism ii) of Scheme 1 is feasible, and it
appears to be more likely than Mechanism i) because it
involves much lower energy barriers.

Reaction paths starting from hydrogen peroxide coordinated
to the ferryl-oxo complex: We now consider the third scenario
(iii) in Scheme 1) in which the hydrogen peroxide first
exchanges with a water in the first coordination shell of iron
and then the dioxygen is produced [Eq. (13)].

[(H,0),(H,0,)FeVOJ*" — [(H,0)sFe!YO,]** (13)

The binding energy of a water molecule in [(H,O)sFe™VO]**
and of the hydrogen peroxide ligand in [(H,O0),(H,0,)-
FeVOJ** is approximately the same according to our calcu-
lations. Therefore, this ligand exchange has no energetic
penalty.

O-0O bond formation: The energy of the complex
[(H,0),(H,0O,)FeYO]** with total spin S=2 is taken as a
reference energy in the following. The optimized geometry of
this complex shows a Fe — O* bond length with H,0, of 2.37 A,
thus quite elongated if compared with the same bond length in
the pentaaqua-Fe-H,O, complex (2.21 A). Moreover, the
hydrogen peroxide is oriented so as to form a strong hydrogen
bond between the Of and the H of a water ligand (Of-H?
bond length =1.70 A) similarly to the ground state geometry
of pentaaqua-Fe''-H,0,.l'!]

We now consider a reaction path in which the Of of H,O,
forms the bond with the O” ligand (Figure 7). If we rotate the
hydrogen peroxide along the Fe—-O“ axis, we find a local
minimum at an energy of +2.3 kcalmol™' (see first config-
uration in Figure 7), which corresponds to the energy needed
to break the O’-H’ hydrogen bond present in the global
minimum. The relevant distances in this configuration are
Fe—0"2.16, O*—OF 1.466, and O/ - 07 2.95 A,

By elongating the O“— O bond of the hydrogen peroxide, a
transition state is found at a distance of 1.91 A (Figure 7) with
an activation energy of 29.8 kcalmol~'. Along this reaction
path the O“— O’ bond cleavage is followed by the formation
of an OOH ligand and the reaction is exothermic by
9.6 kcalmol™! as illustrated in Figure 7 [Eq. (14)].

[(H,0),Fe™¥(H,0,)0* — [(H,0),Fe™(OOH)(OH) ** (14)
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[H.0)Fe'Y (H,0,001% — [{H.0), Fe " {OOHNOH 1>
o0f 1A 0m0f 1A 00" 276 A
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Figure 7. Energy profile for the O —O bond-formation mechanism starting
from a coordinated H,O, as a function of the distance between the oxygen
atoms of the peroxide. The configurations and relative energies of the
initial complex, the TS, and the product are shown. The O-O bond
cleavage is followed by the formation of a OOH ligand. The zero of energy
corresponds to the optimized geometry (not shown) in which the hydrogen
peroxide is oriented so as to form a strong hydrogen bond between the Of
and the H of a water ligand (H? in the figure).

The energy barrier in this process is very close to that found
for the O -0 bond formation mechanism already described
above for the direct mechanism starting from a hydrogen
peroxide which was not in the first but in the second
coordination shell of iron. In the section describing the direct
O -0 bond formation mechanism, we also observed that the
complex [(H,0),Fe™V(OOH)(OH)J** in the presence of a
noncoordinated water molecule spontaneously decays to the
more stable complex [(H,0)sFeVO,]** (Figure 3). This second
reaction step provides a further energy gain of 13.7 kcalmol 1.
Overall, the Reaction (13) is exothermic by 23.3 kcal mol~'. In
conclusion, the O-0O bond formation mechanism is not
significantly modified by having the H,O, in the first
coordination shell of Fe instead of in the second coordination
shell because this mechanism is still not likely owing to the
high energy barrier of 29.8 kcalmol~.

Hydrogen abstraction: We have also considered the mecha-
nism in which the H abstraction occurs from the coordinated
H,0,. Figure 8 shows a few selected configurations along this
path together with the energy as a function of the O”-H’
distance.

The increase in energy in the first part is related to the
breaking of the internal hydrogen bond between the peroxide
and one water ligand (as described in the previous subsec-
tion). A plateau is observed for a distance of ~2 A when the
bonding of the peroxide ligand with the iron becomes stronger
and the peroxide becomes almost planar. When we further
reduce the O"—H’ distance, the Fe—O“ bond weakens
considerably and finally when the H is abstracted and the
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[(H:0), H.0: Fe O] —  [(H.0), Fe'Y OH T + 00H
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Figure 8. Energy profile for the H-abstraction mechanism starting from a
coordinated H,O,. We also show a few configurations along this path which
illustrate the reaction.

OH ligand is formed, the OOH radical moves out of the first
coordination shell. The energy barrier in this reaction path is
~12 kcalmol~! and the energy of the final configuration is
actually higher than the initial complex by a4 kcalmol~.
However, it should be noted that, in the presence of the water
solvent, coordination of a water molecule to the empty site
would considerably lower the energy. In conclusion, the H
abstraction mechanism starting from a coordinated peroxide
has an energy barrier somewhat higher than that in the case of
the H,O, in the second coordination shell. Therefore, the
coordination of the peroxide as a first step does not make this
route for the O, evolution more feasible.

Conclusions

We have analyzed the possible alternative mechanisms for the
oxygen evolution in the Fenton reaction by means of a DFT
approach. This study assumes a high concentration of hydro-
gen peroxide and the formation of a ferryl-oxo complex as the
key active intermediate. Indeed, we have recently shown by
DFT-based Car - Parrinello Molecular Dynamics that a ferryl-
oxo complex can easily be produced by the Fenton reagents in
water.[12 13l

Our results show that the oxygen production, which is
observed experimentally in the Fenton reaction, can easily be
understood in the presence of the ferryl-oxo complex and
therefore does not constitute evidence for OH* radicals as
intermediates. This provides further support to the model
which identifies the ferryl-oxo species as the active oxidizing
intermediate in Fenton chemistry.

The hydrogen-abstraction mechanism should be the dom-
inant mechanism for the production of dioxygen molecules in
the Fenton cycle. The reaction would thus proceed in two
successive H-abstraction steps (Figures 5 and 6) which are
both exothermic and involve quite low activation energies.
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The overall reaction is exothermic by 22.4 kcalmol~! accord-
ing to our DFT-BP calculations.

The alternative O — O bond-formation mechanism produces
the final product in a single step when starting from a second
coordination shell H,O,, or in two steps from a directly
coordinated H,0O, (Figure 7); however, in both cases, it
involves a much higher transition-state energy.

We should also point out that in the first step of the
H-abstraction mechanism, an OOH" radical is produced
which, in the presence of the water solvent, might propagate
through a radical chain reaction. Therefore the present results
point to the possibility that a mixture of radical and non-
radical reactions occur in the Fenton chemistry. Our calcu-
lations suggest that the active Fe-Oxo intermediate is formed
according to a nonradical reaction as in the Bray-Gorin
proposal, whereas the O, production, under regeneration of
the Fe?* catalyst, proceeds with a radical as intermediate. This
opens the possibility that characteristics of radical reactions
may also be observed.

Finally, within the ferryl-oxo model in high hydrogen
peroxide concentrations, the O, production acts as compet-
itive reaction to the oxidation of substrate, as it would do in
the Haber—Weiss radical mechanism. In fact, part of the
hydrogen peroxide will be consumed in O, production and
will fail to enter an oxidation process, that is, to participate in
an initiation step which produces the active ferryl-oxo species.
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