HOKKAIDO UNIVERSITY

Title Theoretical investigations on hydrogen peroxide decomposition in aquo
Author (s) Tsuneda, Takao; Taketsugu, Tetsuya
Citation Physical chemistry chemical physics, 20(38), 24992-24999

https://doi.org/10.1039/c8cp04299¢c

Issue Date 2018-10-14
Doc URL https://hdl. handle.net/2115/75761
Type journal article
File Information aper. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Theoretical investigations on

hydrogen peroxide decomposition in aquo

Takao Tsunedal?*

and Tetsuya Taketsugu?
L FPuel Cell Nanomaterials Center, University of Yamanashi, Kofu 400-0021, Japan and
2Department of Chemistry, Faculty of Science,

Hokkaido University, Sapporo 060-0810, Japan

Abstract

Hydrogen peroxide (HaO2) decomposition mechanisms under the absence and presence of iron
ions in aqueous solution, which contain no OH radical formations, are theoretically determined.
Calculating the oxygen-oxygen bond dissociation energies of HoO9, we confirmed that the OH
radical formation requires spin-forbidden transitions. Instead, we tested an HyOy dimer-based
decomposition mechanism and found that this mechanism provides reasonable barrier heights with
52 ~ 62 kecal/mol, which are close to the experimental activation energy. We next calculated the
oxygen-oxygen bond dissociation of HyO2 coordinating to the iron ion hydration complex in order
to explore the HoO2 decomposition under the presence of iron ions. Surprisingly, we found that
a monovalent iron ion complex provides no reaction barrier to dissociate HoO2, in contrast to the
ferrous (Fe?t) and ferric (Fe?") ion complexes accompanying very high barriers. Following this
result, we determined the subsequent oxygen formation mechanism of the monovalent iron ion
complex and found that this mechanism needs a hydrogen bond network around HsOs to proceed
at room temperature. We, therefore, conclude that the HoO9 decomposition under the presence
of iron ions is driven by the electron transfer to the iron ion hydration complex and proceeds by

hydrogen transfers in the hydrogen bond network around HOs.



I. INTRODUCTION

Hydrogen peroxide (HyO5) decomposition is frequently used as an efficient method for
testing the durability of materials. For many materials, HyO5 is known as the main cause
for the degradation, as found in, e.g., proton exchange membranes of fuel cells under the
operation. Metal ions such as divalent iron (ferrous) and divalent manganese ions are well-
known to decompose Hy05.12 In Fenton test,® these ions are, therefore, used with HyOs
as reagents for degrading materials. Hydroxyl (OH) radicals have been taken as the main

species for the decomposition in aqueous solution:

H202 — ZOH, (1>
HQOQ + OH — HOQ + HQO, (2)
2H02 — H202 + 02. (3)

The ferrous ion-induced HyOy decomposition has also been interpreted to proceed through
the OH radical production. Haber and Weiss experimentally suggested an HyOy decompo-

sition mechanism by ferrous cation (Fe?*):4

Fe?™ + Hy,0y — Fe?™ + OH + OH™, (4)
Fe?t + OH — Fe?t + OH™, (5)
H,05 + OH — HO, + H,0, (6)
HO, + HyOp — Oy + H,y0 + OH. (7)

Since the pKa value of HO, in Eq. (6) is 4.88,° HO, is considered to dissociate proton to

produce O; in neutral water, i.e.,

HO, — H* + O, (8)
The reaction of HO, and OH radicals is, therefore, often included in the mechanism as an
O, formation process, i.e.,

Moreover, Barb et al. replaced Eq. (7) with the following equations in another Fe?-induced

decomposition mechanism:%”

Fe2t + HO, — Fe* 4+ HO;, (10)
Fe3* + HOy — Fe?™ + HT + O,. (11)
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In total, these equations are expressed as
2F€2+ + 3H202 — 2F€3+ + ZOH_ —+ QHQO + 02. (12)

Based on this equation, the Fenton test® has been explained to produce OH radicals, which
decompose Hy0,. Note, however, that the lifetime of OH radicals is known to be only 1077 s
(100 ns) in aqueous solution, though it is 1 ms in gas phase. The lifetime in aquo is too short
to initiate the degradation of polymer membranes. It is, therefore, reasonable to consider
that there is another reaction pathway to decompose HyOy without producing OH radicals.

Prior to the OH radical-production mechanism, Bray and Gorin experimentally proposed
another HyOy decomposition mechanism proceeding through the production of divalent iron

oxide cation (FeO?*):®

F€2+ + H202 e FeOQJr + HQO, (13)
FeO?* 4+ HyOy — Fe*™ + O, + H,0. (14)

However, FeO?* had not been considered to play a significant role in the HyOy decomposi-
tion for many years, because it appears to be too inactive to degrade materials. Baerends
and coworkers theoretically investigated this FeO formation mechanism in the following

equations:’

[(H,0)5Fe(H00)]2 — [(Ho0)4Fe(OH)y)>+ + H,0, (15)
[(H,0)4Fe(OH)** — [(Hy0)5FeO]?+. (16)

These equations contain no OH radical formation, and instead, require the hydrogen transfer
between oxygen atoms. In the present calculations, this hydrogen transfer provides a very
high barrier height, which is inconsistent with the original result,” as mentioned later. Note
also that they studied no subsequent mechanism after the FeO formation. Cannot this FeO
formation mechanism substitute for the OH radical mechanism in the ferrous ion-induced
H>0O5 decomposition?

A recent experimental study shows that FeO is produced in the HyO, decomposition
and OH radicals hardly contribute to the HyOy decomposition. Enami et al. performed a
mass spectroscopy experiment of aqueous microjet containing iron(II) chloride (FeCly) for
selectively observing low-concentrated compounds produced at aqueous interfaces with very

short time scale (< 5 x 1075 5).1° As a result, they found that the HyOy decomposition
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reactions at the interfaces proceed 1,000 ~ 10,000 times faster than those in aquo. Their

results also indicate that the Fe** ion-induced HyO5 decomposition takes place as follows:

1. OH radicals hardly contribute to the decomposition, because an OH radical scavenger

(tertiary butanol, t-BuOH) hardly affects the mass spectra,

2. FeO and Fe?* are produced in the decomposition, because the mass spectrum peaks

corresponding to these species appear, and

3. HyOs may replace with a coordinated HyO to initiate the decomposition, because the

decomposition reaction rate is very fast at the interfaces.

These conclusions disprove conventional HoOy decomposition mechanisms including OH pro-
ductions and also indicate the significance of the decomposition mechanism through the FeO
formation. As far as we know, the HyO5 decomposition reaction pathway through the FeO
formation is not yet theoretically revealed. Elucidating this HyO, decomposition mechanism
will advance the understanding of the catalytic reactions by metal clusters.

In this study, H,O5 decomposition mechanisms are theoretically revealed for the reactions
under the presence or absence of iron ions following the recent experimental findings. The
theoretical calculations assumed that the iron ion-induced decompositions are driven by the
replacement of a coordinated HyO with HyO5 and contain the FeO formation without OH

radical productions.

II. COMPUTATIONAL DETAILS

Calculations have been performed using the hydrated H,O, monomer and dimer models,
hydrated with 2, 4, 6, and 8 water molecules, and the hydrated iron ion model, in which
[Fe(H202)(H20)5]"t complex for n = 1 and 2 is used with two additional hydration HyO
molecules (Fig. 1). These model structures are determined by maximizing the number of
hydrogen bonds and then selecting the minimum energy geometries in the several similar iso-
mers. For these models, reactant, product and transition state (T'S) calculations have been

11,12 o

carried out to construct the reaction energy diagrams by the Kohn-Sham calculations
ing the long-range correction!®!4 of Becke 1988 exchange!® plus Lee-Yang-Parr correlation'6

(LC-BLYP) functional (the only parameter p = 0.33!7). Note that the high reliability
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FIG. 1: Calculation models of (a) hydrated Ho0O2 monomer with A hydration water
molecules ([(H202)2(H20),]), (b) hydrated H2O2 dimer with A hydration water molecules
([(H202)2(H20),]), (c¢) iron ion (Fe™t) hydration complexes with A coordinating water molecules
([Fe(H202)(H20)5)""), and (d) iron oxide ion (FeO™") hydration complexes with A coordinating

water molecules and two additional water molecules ([FeO(H204)(H20)s5]" " (H20)s2).

of this method has been confirmed in the previous calculations of related systems: e.g.,
the HyOq-induced degradation of hydrated Nafion membrane'® and H,O, decomposition by
triphenylphosphine oxide.'® The cc-pVDZ basis set?*?! was used for H and O atoms and
LANL2DZ effective core potential basis set?? was employed for Fe atom. As a solvent effect,

122 of water has been included. Transition state calcula-

the polarizable continuum mode
tions have been performed by the quadratic synchronous transit method?*2% using several
initial structures for finding out the minimum energy pathways. The intrinsic reaction coor-
dinate (IRC) calculations? have also been performed by the predictor-corrector integrator
method?™?® for all the TS structures to confirm the correctness of these TS structures. In

the O-0O dissociation calculations of HoO,, the stability conditions for spin-restricted Kohn-

Sham calculations are attached to switch to the spin-unrestricted ones for spin-unstable



electronic states in order to avoid the instability of single-configurational DFT calculations
for bond dissociations.??2° The Gaussian 09 suite of program3! has been used to perform all
of the LC-BLYP calculations. All of the optimized structures have been checked to ensure
that they yield positive, real frequencies. The calculated IRCs have been analysed using
GaussView 5.0.8.32

III. RESULTS AND DISCUSSION

A. H305 decomposition mechanism without metal ions

First, we explored the HyO5 decomposition mechanism without metal ions in aqueous
solution. The OH radical formation mechanism, HyOs — 20H, has been the most accepted
H,0, decomposition mechanism,** 37 because the dissociation energy of HyO5 into OH radi-
cals is evaluated as about 50 kcal/mol (e.g., 54.8 kcal/mol for H,O5 with no explicitly-bonded
H,0 molecules in aqueous solution in the present calculation), while this energy is close to
the experimentally-evaluated activation energy of the HoOs decomposition without metal
ions in aqueous solution, 47.8 kcal/mol.343%38 Figure 2 illustrates the O-O dissociation po-
tential energy curves for the hydration numbers A\ = 0, 2, 4, 6, and 8 with the solvent
effect. As shown in the figure, the O-O dissociations asymptotically approach the dissocia-
tion energies independently of the hydration numbers, in aqueous solution. Note, however,
that the produced OH radicals rapidly recombine to form HyOs under the hydrogen bond
network, if the O-O dissociation proceeds with maintaining the singlet state. Actually, no
subsequent potential energy curves is given for the longer O-O distances than 3 A, because
H505 is reproduced for the long O-O distances by hydrogen transfers in the hydrogen bond
networks. Therefore, the spin multiplicity should be switched to the triplet state to maintain
OH radicals. Though this spin flip takes place by spin-orbit transfers, it essentially needs
very long time to proceed for such light atoms. We, therefore, consider that HyO5 is usually
immediately recovered even if OH radicals are produced by the O-O dissociations.

Regardless of the presence or absence of OH radicals, the HyOy decomposition stoichio-
metrically requires two HoOo molecules, as shown in Eqgs. (1) ~ (3) and in Eqs. (13) ~ (14).
Considering the instability of OH radicals, it is, therefore, reasonable to assume that the

H>05 decomposition takes place by the association of HyOs molecules. Figure 3 shows the
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FIG. 2: Potential energy curves of the O-O dissociation of HoO9 to OH radicals for the explicit
hydration numbers A = 0, 2, 4, 6, and 8 in aqueous solution. The spin-restricted Kohn-Sham
calculations are performed under the stability condition for switching to the spin-unrestricted
ones.?30 LC-BLYP /cc-pVDZ is used with the solvent effect of the polarizable continuum model of
water. The minimum potential energies are set to be zero. The dissociation limit energies, which
are calculated by equally dividing the hydrated HyO2 such as HoO2(H20)9y — 20H(H20),, are

also shown at the infinite O-O distance.

reaction energy diagrams of the decomposition of the hydrated HoO5 dimer for the hydration
numbers A = 0, 2, 4, 6, and 8. For comprehension, the HyO5 dimer structures of A = 0 (no
explicitly-coordinated hydration water molecule) are shown for five reaction steps, though
they are different from those of other hydration numbers except for the synthetic species
(see Fig. S1 of the supporting information): HyO3 (OHOHO) radical is produced in the first
step and Oy and H,O are synthesized in the second step. Note that this OHOHO radical is
different from HOOOH radical, which is also considered to produce O, with small reaction
barrier (8 kcal/mol in our previous calculation'?). These radicals may be distinguished in
the infrared spectrum study due to the difference in the vibrational spectrum peaks for 2500
~ 3200 cm™! (see Fig. S2 of the supporting information). The figure indicates that the

reaction barrier energies (52 ~ 62 kcal/mol) are close to the dissociation energies, which are
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FIG. 3: Reaction diagram of HoOs decomposition reaction, i.e., 2HoO9 — Oo + 2H50O, under
the absence of metal ions in aqueous solution. LC-BLYP /cc-pVDZ is used with the solvent effect
of the polarizable continuum model of water. Zero-point vibrational corrections are included.
The molecular structures of the reaction processes are also shown for the complex with no water

molecule. For Min3, the potential energy of the triplet state for A = 8 is also shown as a black bar.

shown in Fig. 2, and are much smaller than the dissociation barrier heights of the HyOy, —
20H reaction in aqueous solution mentioned above. The barrier energies tend to increase as
the hydration number increases except for A = 2 of Minl1, while the intermediate (Min2) and
final (Min3) products are destabilized as the hydration number increases except for A = 8 of
Min2. This is because both T'Ss and products contain neutral radicals such as OOH and O,
which are unstable in aqueous solution. It may be questionable that this reaction pathway
provides only the singlet state energies, though O, molecule has the ground triplet state.
However, we consider that the real decomposition reaction also proceeds only through the
singlet states. This is because the spin-forbidden spin-orbit transition probabilities from
the singlet to triplet states are usually very small for such light and low-spin systems. The

figure also shows that the HyOy decomposition reaction is evaluated to be endothermic for



A = 8. This result is also related to the spin-forbidden transitions, because Oy molecule is
finally produced to be the ground triplet state. The triplet state energy of Min3 is shown
for A = 8 as a black bar in Fig. 3. As clearly shown in the figure, this reaction is exothermic
for the production of the triplet O, molecules even for A = 8. We would emphasize that the
above results are consistent with the experimental observations showing that HyO, is hardly
decomposed without metal ions in aqueous solution. Therefore, we conclude that HyO5 is

decomposed by this mechanism under the absence of metal ions in aqueous solution.

B. FeO hydration complex formation mechanism

Next, we address the HyOy decomposition mechanism under the presence of iron ions in
aqueous solution. For exploring the decomposition mechanism, it is interesting to focus on
the formation of the iron oxide (FeO) hydration complex. Baerends and coworkers explained

that the Fe'VO hydration complex is formed in the following two steps:*

1. The O-O bond dissociation of HyO45 coordinating to the ferrous ion hydration com-
plex proceeds to form OH radicals coordinating to the tetravalent iron ion hydration

complex: i.e.,
[FGII(HQOQ)(HQO)5]2+ — [FeIV(OH>2(H20>4]2+ + HQO, (17)
and

2. the FeO hydration complex is then formed from the OH radicals coordinating to the

tetravalent iron ion hydration complex: i.e.,

[FGIV(()I‘I)Q(I’IQ())4]2+ — [FGIVO(HQO)5]2+. (18)

They suggested that steps 1 and 2 require very low barriers with only 6 and 2 kcal/mol,
respectively, both of which are too low to inhibit the HyO5 decomposition proceeding at
room temperature. We first explored the FeO formation mechanism on the basis of this
study.

As a result, we found that the FeO hydration complex is formed in one step and that this
step requires much higher reaction barriers for the ferrous ion hydration complex. Figure 4

displays the calculated potential energy curves of the O-O bond dissociation for two types
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FIG. 4: Potential energy curves of the O-O bond dissociation of HoO9, which is coordinated to
the iron ion hydration complexes in [Fe(H202)(H20)s5]™t, for the valence of n = 1, 2, and 3. LC-
BLYP/cc-pVDZ/Lanl.2DZ is used with the solvent effect of the polarizable continuum model of
water. The dotted green circles indicate the HoO9 molecule and formed HoO molecule and OH

radical.

of the O-O dissociations: OH and H5O formations. The OH formation type of the reaction

corresponds to the above-mentioned first step: i.e.,
[Fe(H202)<H20)5]n+ — [F6<OH)2<HQO)4]TL+ + HQO (19)

On the other hand, the H,O formation type corresponds to the integration of the first and

second processes: i.e.,

[Fe(H202)(H20)5]n+ — [FGO(HQO>5]TL+ + HQO (20)

10



As the figure clearly shows, for the ferrous (Fe?") ion hydration complex, the H,O formation
type gives a high reaction barrier (~ 34 kcal/mol), while the OH formation type provides a
higher barrier height (~ 40 kcal/mol). This is obviously inconsistent with the experimental
results showing that Oy is rapidly produced in HyO5 solution under the presence of ferrous
ions. We also examined ferric (Fe®™) ion hydration complex, because this ion is also ex-
perimentally detected!? and there is an experiment measuring the decomposition rate.?® As
a result, we found that the barrier heights increase to more than 65 kcal/mol, which are
higher than the barrier heights of the O-O dissociation of HyOy without metal ions in Fig. 2.
These results indicate that the FeO complex is rapidly formed by neither ferrous nor ferric
ion hydration complexes at room temperature.

Monovalent iron ion hydration complex, i.e., [Fe(HyO2)(H20)5]", is, therefore, examined
as a FeO formation species. As far as we know, this complex has never been assumed to be a
decomposition catalyst, because monovalent iron (Fe™) ion is essentially unstable. Note that
we assume not the production of Fe' ions but the electron transfer to the ligand molecules
of the HyOs-coordinated ferrous ion hydration complex. This assumption is supported by an
experimental evidence that the ferrous ion chelate complex with an electron-donating citrate
acid is much more susceptible to oxidation than [Fe(H;0)s]*" complex.1®4! The production
of ferric ions also implicitly supports this assumption, because an electron must be generated

to produce ferric ions from ferrous ions: i.e.,
2[F€(H20)6]2+ — [Fe(H20)6]3+ + [Fe(HQO)6]+. (21)

Figure 4 shows that the OH formation type provides no barrier for the monovalent iron ion
hydration complex. This indicates that HoO, is rapidly decomposed into OH radicals after
the electron transfer to the ferrous ion hydration complex, as seen in the experiments. This
result strongly suggests that the electron transfer to HoOy coordinating to the ferrous ion
complex is a precursory process of the HoOo decomposition.

Figure 4 also indicates that HyO formation provides higher barrier for the short O-O
distance, though it gives a more stable potential energy. Considering that the OH radical
from the dissociated HyO5 would form HyO through the hydrogen bond network, we arranged
two HsO molecules around H,O5 to maximize the number of hydrogen bonds and optimized
the geometry of the complex. We, consequently, found that the dissociated OH radical forms

H,0O with no reaction barrier to produce the Fe(OH), hydration complex in a similar way
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to the first reaction process of Baerends et al.? in Eq. (17), i.e.,
[FGI(HQOQ)(HQO)5]+ — [Fem(OH)Q(HQO)4]+ + HQO, (22)

As mentioned in Sec. III C, we found that the subsequent FeO™' hydration complex formation

from the [Fe(OH),]™ hydration complex, i.e.,
[Fem(OH)Q(HQO)4]+ — [FGHIO(HQO)5]+, (23)

requires the reaction barrier of 16.5 kcal /mol, which is considered to proceed at room temper-
ature, when HyO is coordinated to the complex. We, therefore, conclude that the Fe(OH)5
hydration complex is first produced from the O-O dissociation of HyO4, and then, the FeO™
hydration complex is formed by the transformation of the Fe(OH); complex, and finally,
FeO?* hydration complex is produced by losing an electron.

How are the monovalent iron ion hydration complex produced in the solution of the
ferrous ion hydration complex? For iron ions in aqueous solution, Marcus exemplified a

ferrous-ferric exchange reaction,
Fe?T(aq) + Fe*T(aq) = Fe?(aq) + Fe?"(aq), (24)

as a typical electron transfer system in inorganic electrochemistry and developed a guiding
theory for this exchange reaction.*? This exchange reaction is a rare event, because it needs
0.1 s to proceed at equilibrium.*® Note, however, that in chemical kinetics, this small reaction
rate comes from the identity of the reactant and product. The present reaction is considered

to proceed by the disproportion reaction of the ferrous ion hydration complex, i.e.,
2[Fel'(H,0)6)*" = [Fe(Hy0)6)>T + [Fe!(Hy0)g] ™. (25)
and then, the monovalent iron complex is rapidly oxidized to FeO hydration complex, i.e.,
[Fel(Hy05)(Hy0)5]" = [Fe'O(H,0)5]* + H,O. (26)

This reaction is considered to mainly proceed when HyO is coordinated to the ferrous ion
hydration complex, because the monovalent ion complex is essentially less stable than the

ferrous and ferric ion complexes: i.e., for Eq. (25),

[FGH(HQO)G]2+ + [FQII(H202>(HQO)5]2+ — [Fem(HgO)6]3+ + [FeI(H202>(H20>5]+. (27)

12
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FIG. 5: Os formation mechanism of the HyOs-coordinated FeO™ ion hydration complex with no
additional HoO molecules, i.e., [FeO(H302)(H20)4]". LC-BLYP/cc-pVDZ/LanL2DZ is used with
the solvent effect of the polarizable continuum model of water. Zero-point vibrational corrections
are included. The potential energy of the reactant complex (Minl) is set to be zero. The dotted

green circles indicate the HoO2 molecules and their decomposed fragments.

Since the concentration of the monovalent ion complex is reduced as a consequence of Eq.
(26), the disproportion reaction in Eq. (25) kinetically proceeds rightward. This is contrast-
ing to the identical reaction in Eq. (24), which is considered to be driven by environmental
fluctuations from an energetical viewpoint.*® In addition, the products of these reactions,
FeO and Fe?* hydration complexes, are consistent with the experimental result,'” as men-

tioned in Sec. 1.

C. O; formation mechanism from H;Os-coordinated FeO hydration complex

Following the very low reaction barrier of the FeO" hydration complex formation, it is
meaningful to explore the subsequent Oy formation mechanism from the monovalent iron
ion hydration complex. We first examined the Oy formation mechanism from the hydration
complex with no additional hydration water molecule, i.e., [FeO(Hy02)(H20),]*. Figure 5

illustrates the calculated reaction energy diagram of the Oy formation mechanism. As shown

13



in the figure, a high barrier (39.3 kcal/mol) is given for the hydrogen transfer between the

oxygen atoms of HyOs in the second process (Min2 — Min3):
[Fe(OH)(OHO)(H20)4]" — [Fe(OH)(OOH)(H20)4], (28)

while low barriers are provided for the first and third processes: 9.2 and 4.0 kcal/mol,
respectively. Though this barrier is lower than those of the decomposition without metal
ions (52 ~ 62 kcal/mol), it is too high to be consistent with the experimental results showing
the rapid O, formation at room temperature. We considered that this high barrier comes
from the neglect of the hydrogen bond network around HyOs, because hydrogen transfers
frequently occur in the hydrogen bond networks.

We have, therefore, added two hydration water molecules to the FeO™ hydration complex,

[FeO(H20,)(H20)g]" — [Fe(OH)o(H205)(H20)5]" — [Fe(H20)7045] T, (29)

in order to model the hydrogen bond network between the coordinated HoO5 and surrounding
H50O molecules. Figure 6 illustrates the reaction energy diagram of the Oy formation. As
shown in the figure, the highest barrier is given for the first step (Minl — Min2) as 14.0
kcal/mol, which is much lower than the barrier of the complex with no additional water
molecule (39.3 kcal/mol). This low barrier is consistent with the experimentally-observed
rapid HoO5 decomposition reaction under the presence of iron ions. This indicates that the
hydrogen bond network around HyO4 significantly contributes to the HoOo decomposition.
Actually, the reaction energy diagram shows that hydrogen transfers mostly proceed through
the hydrogen bond network. Note that the produced Oy in this mechanism (Min6) is also
considered to have the singlet state, similar to that in the decomposition mechanism without
metal ions in Fig. 2. We, therefore, optimized the sextet state of Min6, which must contain
the triplet state of Oy, and found that it becomes —18.8 kcal/mol more stable than the
quartet state of Min6, which must contain the singlet state of Os. As discussed in Sec.
IITA, we, however, consider that the decomposition reaction proceeds only through the
singlet states due to the small spin-orbit transition probabilities. We would emphasize
that this mechanism is clearly consistent with the recent experimental result,'® in which OH
radicals hardly contribute to the O, formation reaction, FeO and Fe?* are produced from the

Fe?* hydration complex, and Hy0, is first replaced with a coordinated HoO. We, therefore,

14
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FIG. 6: O5 formation mechanism of the HyOs-coordinated FeO™ ion hydration complex with two
H50 molecules, i.e., [FeO(H202)(H20)4] " (H20)2. LC-BLYP /cc-pVDZ/LanL.2DZ is used with the
solvent effect of the polarizable continuum model of water. Zero-point vibrational corrections are
included. The potential energy of the reactant complex (Minl) is set to be zero. The dotted green

circles indicate the HoO2 molecules and their decomposed fragments.

conclude that the conventional HyOy decomposition mechanism, which usually contain the
OH radical production, should be replaced with this new mechanism.

Finally, it is interesting to note that Fig. 5 also reveals the Oy formation mechanism
from the [Fe(OH)y)t complex, which is obtained as a product in Eq. (22). Since Min3 in
Fig. 5 corresponds to the [Fe(OH)s]t complex coordinating HyOs, the O5 formation reaction
from this complex is considered to take a short cut from this Min3. This result strongly
suggests that the reaction proceeds directly from the [Fe(OH)s|T complex bypassing the

FeO*' complex formation, i.e.,
[Fe (OH)5(H,0) 4] T — [Fel(Hy0)g)t + Os. (30)

This figure also indicates that the FeO™ hydration complex is formed from the [Fe(OH)y|*

complex with the reaction barrier of 16.5 kcal/mol in the backward process from Min3

15



through Min1, while this barrier is small enough to initiate the reaction at room temperature
as mentioned in Sec. IIIB. We, therefore, propose that this HyOy decomposition mainly
proceeds through the [Fe(OH)y|™ complex with forming the FeO' hydration complex as a
by-product, though the decomposition reaction may also partly proceed from this FeO™

complex.

IV. CONCLUSIONS

In this study, we have theoretically explored the HyO, decomposition mechanisms under
the absence and presence of Fe ions in aqueous solution, following recent experimental studies
on this topic. We have consequently revealed the HyO5 decomposition mechanisms, which
contain no OH radical formations as supported by the experimental results.

We first addressed the HoO5 decomposition under the absence of metal ions in aqueous
solution. As a test, we calculated the O-O dissociation potential energy curves of HyOo
with several numbers of explicitly-hydrated water molecules in the solvent model of wa-
ter, under the spin-stability conditions for switching the spin-restricted and -unrestricted
Kohn-Sham calculations. The calculated results show that although the O-O dissociation
potentials asymptotically approach the energies of OH radicals, they essentially require the
spin-forbidden transitions. We, therefore, presumed an Hy0O5 decomposition mechanism
using HoO, dimer and calculated the reaction energy diagrams for several hydration num-
bers. As a result, we found that this mechanism provides reasonable barrier heights (52
~ 62 kcal/mol), which are close to the experimentally-evaluated activation energy (47.8
kcal/mol). We, therefore, conclude that this is the HyO5 decomposition mechanism under
the absence of metal ions.

Next, we explored the HyOy decomposition under the presence of Fe ions in aqueous solu-
tion. Following a recent experimental study,'? we calculated the O-O dissociation potential
energy curves of HyOs coordinating to the Fe ion hydration complex to produce the FeO
hydration complex. As a result, we surprisingly found that the monovalent Fe ion hydration
complex, [Fe(H202)(H20)5]", has no reaction barrier for the dissociation of HyO4, while the
ferrous (Fe?t) and ferric (Fe®t) ion hydration complexes have very high reaction barriers.
We also found that the Fe hydroxide Fe(OH); ion hydration complex is first produced, and

then, it is transformed into the FeO™ ion hydration complex. We have turned up several
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FIG. 7: Schematic overview of HyO9 decomposition mechanism by iron ion hydration complex.

experimental evidences supporting this finding and have theoretically discussed its validity.

Based on this result, we investigated the subsequent O, formation mechanism after the
FeO™ hydration complex formation. We calculated the reaction energy diagram of this
formation reaction for the FeO' complex with no hydrogen bond network around the coor-
dinating Hy,O9 molecule. The calculated diagram shows that this reaction provides a high
barrier (39.3 kcal/mol) for the hydrogen transfer between the oxygen atoms of HyO,. We,
therefore, attached two hydration water molecules to HoO5 to model the hydrogen bond
network. As a result, we found that the highest barrier height dramatically decreases to
14.0 kcal/mol indicating that this reaction proceeds even at room temperature as experi-
mentally observed. We also found that the Oy formation reaction has a short cut from the
Fe(OH)J complex and the FeO complex is considered to be a by-product of this reaction.
The overall mechanism of the HyOy decomposition reaction by Fe ion hydration complex
is illustrated in Fig. 7. We, therefore, conclude that the HyO, decomposition under the
presence of Fe ions is driven by the electron transfer to the Fe ion hydration complex, and
proceeds by the assistance of the hydrogen transfers in the hydrogen bond network around
H505. This indicates that electron transfers from other complexes and hydrogen transfers
through surrounding hydrogen bond network play a crucial role in the catalytic reactions of

metal complexes.
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SUPPLEMENTARY MATERIAL AVAILABLE

The molecular structures of HyOy decomposition reaction at each step for the explicit
hydration numbers of A = 2,4,6 and 8 have been provided in Fig. S1. The calculated
vibrational spectra of OHOHO and HOOOH radicals, which are coordinated by two H,O
molecules, have also been given in Fig. S2. This material is available free of charge via the

Internet at xxxx.
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FIGURE CAPTIONS

Fig. 1.

Calculation models of (a) hydrated HyOy monomer with A hydration water molecules
([(H202)2(H20),]), (b) hydrated HyO, dimer with A hydration water molecules
([(H202)2(H20),]), (¢) iron ion (Fe™") hydration complexes with A coordinating wa-
ter molecules ([Fe(Hy02)(H50);5]"t), and (d) iron oxide ion (FeO™") hydration com-
plexes with A coordinating water molecules and two additional water molecules

([FeO(H202> (HQO)5]”+(HQO)2)

Fig. 2

Potential energy curves of the O-O dissociation of HyO, to OH radicals for the explicit
hydration numbers A = 0, 2, 4, 6, and 8 in aqueous solution. The spin-restricted Kohn-Sham
calculations are performed under the stability condition for switching to the spin-unrestricted
ones.?3Y LC-BLYP/cc-pVDZ is used with the solvent effect of the polarizable continuum
model of water. The minimum potential energies are set to be zero. The dissociation limit
energies, which are calculated by equally dividing the hydrated HoO5 such as HyOo(H0 )9
— 20H(H50),, are also shown at the infinite O-O distance.

Fig. 3.

Reaction diagrams of H,O, decomposition reaction, i.e., 2H,O5 — Oy + 2H50, under the
absence of metal ions in aqueous solution. LC-BLYP/cc-pVDZ is used with the solvent
effect of the polarizable continuum model of water. Zero-point vibrational corrections are
included. The molecular structures of the reaction processes are also shown for the complex
with no water molecule. For Min3, the potential energy of the triplet state for A = 8 is also

shown as a black bar.

Fig. 4.

Potential energy curves of the O-O bond dissociation of HyO,, which is coordinated to the
iron ion hydration complexes in [Fe(HyO5)(H20)s5]"", for the valence of n = 1, 2, and 3.
LC-BLYP/cc-pVDZ/Lanl.2DZ is used with the solvent effect of the polarizable continuum
model of water. The dotted green circles indicate the HyOy molecule and formed H,O

molecule and OH radical.
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Fig. 5.

O, formation mechanism of the HyOs-coordinated FeO™ ion hydration complex with no
additional HyO molecules, i.e., [FeO(Hy02)(H20),]". LC-BLYP/cc-pVDZ/LanL.2DZ is used
with the solvent effect of the polarizable continuum model of water. Zero-point vibrational
corrections are included. The potential energy of the reactant complex (Minl) is set to be

zero. The dotted green circles indicate the HyO5 molecules and their decomposed fragments.

Fig. 6.

O, formation mechanism of the HyOs-coordinated FeO™ ion hydration complex with two
H,0 molecules, i.e., [FeO(H202)(H20)4]7(H20)y. LC-BLYP/ce-pVDZ/Lanl2DZ is used
with the solvent effect of the polarizable continuum model of water. Zero-point vibrational
corrections are included. The potential energy of the reactant complex (Minl) is set to be

zero. The dotted green circles indicate the HoO5 molecules and their decomposed fragments.

Fig. 7.

Schematic overview of HyOy decomposition mechanism by iron ion hydration complex.
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