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Abstract

Hydroxyl radical reduction and peroxide bond breaking in hydrogen peroxide are reactions involved in various processes such as the
Fenton reaction, which has applications as e.g. groundwater remediation. Here, we study these two reactions from a thermodynamical
point of view through the bond dissociation energy (BDE) of the O—O bond in hydrogen peroxide and the electron affinity (EA) of
the hydroxyl radical. High-level ab-initio calculations at the complete basis set (CBS) limit were carried out, and the performance of
different DFT-based methods was addressed by following a specific classification on the basis of the Jacob’s ladder in combination
with various Pople’s basis sets. The ab-initio calculations at the CBS limit are in agreement with experimental reference data and
identify a significant contribution of the electron correlation energy to the BDE and EA. The studied DFT-based methods were able to
reproduce the ab-initio reference values, although no functional was particularly detected as the best for both reactions. The inclusion
of certain percentage of Hartree—Fock (HF) exchange in DFT functionals leads in most cases to smaller BDE and EA values, which
might be related to the poor description of the two reactions by the HF method. Considering the computational cost, DFT methods
provide better BDE and EA values than HF methods with an accuracy comparable to the MP2 or CCSD level of theory. Additionally,
the quality of the hydrogen peroxide, hydroxyl radical and hydroxyl anion structures obtained from these functionals was compared
to experimental reference data. In general, bond lengths were well reproduced and the errors in the angles were between one and
two degrees with some systematic trend with respect to the basis set’s size. From our results we conclude that DFT methods present
a computationally less expensive alternative to describe these two reactions that play a role in the Fenton reaction. The benchmark
that is carried out in this study provides a systematic validation of various approximated E [ p] functionals combined with different
basis sets, which could serve as a stepping-stone for future research on the Fenton reaction.
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The capability of hydrogen peroxide to produce hydroxyl rad-

54 Esteban Vohringer-Martinez icals in aqueous solution due to the catalytic effect of metal
evohringer @udec.cl cations is widely known [1]. In biological systems, hydroxyl
Pablo Jaque radical is partly responsible for protein inactivation, breaking of
pablo.jaque @ciq.uchile.cl cell membranes, genotoxicity and other phenomena related to

cell damage owing to its degradative properties [2]. The same
process has also been used for industrial purposes such as in the
Fenton reaction [3], where water contaminants are degraded by
hydroxyl radicals generated through the Fe**-assisted reductive
cleavage of an O—O bond in hydrogen peroxide:
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Research on is kind of reactions has been mainly focused on
improving its performance at industrial scale. For example,
Fenton processes (Eq. 1) can be modified by changing the
reaction conditions (pH, temperature, etc.) and the nature of
the reactants (e.g. considering other reducing metal centers)
or by induction of the peroxide bond breaking through light
(photo-Fenton processes) or sound waves irradiation (sono-
Fenton processes), and by the assistance of peroxide reduc-
tion using electrolysis (electro-Fenton processes) [1]. How-
ever, a rigorous theoretical study about the thermodynamic
determining factors of these reactions has not been done
to our knowledge. In principle, such description could be
achieved on the basis of a characterization of the electronic
structure of reactants and products, which would facilitate a
physical interpretation. If a predictive point of view would
be achieved from first principles, then a reduced number of
experiments would be necessary to obtain better conditions
to perform, for example, Fenton processes.

High computational cost and sometimes low accuracy
are natural disadvantages arising when a deeper theoretical
description of complex chemical systems is intended. Two
approaches can contribute to fix these difficulties: the first
one is the use of a highly approximated method to describe
the system. In this case, the computational cost is reduced
but the accuracy and overall the physical interpretation are
sacrificed. The second way corresponds to the exclusion
of some variables of the system (presence of solvent, pH,
temperature etc.), which facilitates a physical insight, but
is sometimes far from the real conditions. Following the
latter approach, determining factors of the Fenton reac-
tion can be classified into intrinsic and extrinsic types: the
former factors affect the reactants and products interacting
in an isolated way, while the latter ones include everything
else involved in the reaction, for example, solvent effects,
nature of ligands that coordinate to the metal center, tem-
perature, etc. In this first systematic study we mainly focus
on the intrinsic factors for a theoretical description of the
hydroxyl radical reduction and peroxide bond dissocia-
tion in hydrogen peroxide, which are reactions related to
Fenton processes. This description is made by using a set
of both high-level ab-initio and density functional theory
(DFT) methods.

In order to perform a systematic study of the intrinsic
factors of the Fenton reaction, the overall process can be
thought from a purely thermodynamical point of view as
composed by three reactions: the first one corresponds
to the divalent iron oxidation. The other two involve the
energy changes associated with the hydrogen peroxide
molecule: homolytic peroxide bond breaking (PBB) and
hydroxyl radical reduction (HRR):

H,0, - 2.0H  Homolytic peroxide bond breaking (PBB)
‘OH + e~ — OH~ Hydroxyl radical reduction (HRR)
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Since Fenton processes have also been reported for other
metal cations being different from iron [1], here we mainly
focused on both reactions: PBB and HRR. To describe these
two reactions assuming isolated reactants and products, we
use electronic structure methods and compare our results
with experimental data to evaluate the performance of each
approach. The experimental parameter characterizing the
PBB step is the homolytic bond dissociation energy (BDE),
which corresponds to the standard enthalpy difference asso-
ciated to the reaction in gas phase at 298.15 K [4]:

BDE = 2Ang98.15('OH) - A_)"11398.15(H202) (3)

For the HRR step, the associated experimental observable
is the electron affinity (EA) of the hydroxyl radical, which
is the energy released in the reduction of hydroxyl radical
in gas phase at 0 K [5]:

EA(-OH) = —[E("OH) — E(-OH)] 4)
Although BDE and EA are measured in conditions very far
from the reality of Fenton reaction, we can take advantage of
the availability of experimental data for these parameters to
validate an electronic structure calculation method suitable
of providing additional information about the Fenton reac-
tion in general. Wave function theory (WFT)-based methods
arise as a good choice at first glance because hydrogen per-
oxide and hydroxyl radical are small molecules able to be
computationally studied at a high level of theory. However,
description of other aspects to model the Fenton reaction
will require the consideration of more realistic conditions as
the inclusion of electronic structure calculations for transi-
tion metals and solvent effects, which impede the usage of
computationally expensive post-HF methods. In this con-
text, DFT methods present a suitable alternative because
some exchange-correlation functionals have shown good
performance in electronic structure calculations for transi-
tion metal-containing systems in a wide range of conditions
after they have been tested [6, 7]. A systematic DFT-based
benchmark of PBB and HRR constitutes, therefore, a good
starting point for a complete theoretical modeling of the
Fenton reaction.

The DFT benchmark was based on a thorough choice
of the E,. functional and basis set, because these factors
determine the performance of the electronic energy calcu-
lations within the Kohn—Sham framework of DFT [25-28].
E. functionals can be systematically classified by inter alia
the following criteria: Jacob’s ladder rung [29, 30], Har-
tree—Fock exchange percentage [31, 32], inclusion of a range
separation function [33, 34], and the consideration of empir-
ical fitting when designing the functional. Table 1 shows
a representative set of functionals used in this study and
their classification using these criteria. Additionally, their
mean unsigned errors (MUEs) for both BDE and EA for
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Table 1 Chosen DFT- and WFT-based methods and their features (MUE in kcal mol™Y)

Method MUE for BDE*  MUE for EA*  Jacobs Ladderrung ~ %HF exc.®  Range separated ~ Semi-empirical ~ References
NI12 5.63 4.21 GGA 0 NO YES [8]

BLYP 11.66 2.68 GGA 0 NO YES [9, 10]
PBE 6.14 2.27 GGA 0 NO NO [11]
MNI2L 4.85 2.65 mGGA 0 NO YES [12]
MO6-L 7.75 3.83 mGGA 0 NO YES [13]
B3LYP 9.84 2.33 HGGA 20 NO YES [9, 10, 14]
PBEO 7.12 2.79 HGGA 25 NO NO [15]
SOGGA11-X 4.97 1.55 HGGA 40 NO YES [16]
wB97 3.85 2.58 HGGA 0-100¢ YES YES [17]
wB97-X 4.45 2.01 HGGA 15-100¢ YES YES [17]
@wB97-XD 4.52 1.86 HGGA 22-100° YES YES [18]
BMK 3.78 1.61 HmGGA 42 NO YES [19]

Mo6 4.10 1.85 HmGGA 27 NO YES [13]
MO06-2X 2.50 2.14 HmGGA 54 NO YES [13]
MO05-2X 2.64 2.04 HmGGA 56 NO YES [20]

Ml11 3.13 0.89 HmGGA 43-100¢ YES YES [21]

HF 36.26 26.98 WEFT 100 NO NO [22]

MP2 4.80 3.02 WFT 100 NO NO [23]

3From Peverati and Truhlar database [24]. MG3S basis set was used; °for hybrid functionals; “short and long range %HF exchange, respectively

the respective database investigated by Peverati and Truh-
lar were added [24]. These different functionals are then
combined with basis sets that can be modulated by adding
diffuse-type functions (Gaussians with a smaller exponent),
splitting a valence—shell’s basis set into more than one, i.e.
from double-¢{ to triple-¢ basis sets, or adding Gaussian-type
orbitals of a different angular moment (also called polari-
zation-type functions). We decided to stick to Pople’s basis
set including all these variations since some semi-empirical
DFT functionals have been parameterized with these basis
sets [24]. Finally, the DFT benchmark was validated by
high-level ab-initio calculations at the CBS limit and com-
pared to experimental data.

2 Methods

Experimental reference values for BDE, EA and geometri-
cal parameters of hydrogen peroxide, hydroxyl radical and
hydroxyl anion were considered in this work and are sum-
marized in Table 2.

Reference values for electronic BDE (eBDE, electronic
energy change associated to the PBB process; Eq. 2) and EA
were also obtained with high-level ab-initio methods. These
parameters were computed at a complete basis set (CBS)
limit at the CCSDT(Q) level. Extrapolations were performed
by considering Dunning’s basis sets up to quintuple-§ qual-
ity (except for CCSDT and CCSDT(Q) levels, where only
double- and triple-{ qualities were considered). In order to

Table 2 Experimental data for BDE, EA and geometrical parameters
of the involved species

Parameter Value References
BDE (kcal mol™") 50.35 +£0.10 [4]

EA (kcal mol™") 42.147 [35]
R(O-H) (A) 0.9697% [36]
R(O-H) (A) 0.964° [37]
R(O-0) (A) 1.461¢ [38]
R(O-H) (A) 0.9675%4 [38]
A(O-O-H) (°) 100.07¢ [38]
D(H-0O-0O-H) (°) 1194 [38]

For hydroxyl radical, ®For hydroxyl anion, “for hydrogen peroxide,
dab initio corrected, see reference [38]

produce a reliable description of the anionic state in the case
of EA, these basis sets were augmented with diffuse-type
functions. Experimental geometries of the involved species
(Table 2) were considered through all the calculations using
the PSI 4 program [39] coupled to the MRCC suite [40].
Assessment of DFT-based methods was performed in the
following way: geometry optimizations and frequency calcu-
lations of hydrogen peroxide, hydroxyl radical and hydroxyl
anion were carried out in order to confirm minimum energy
structures on the potential energy surfaces (zero imaginary
frequencies) and to obtain formation enthalpies of these spe-
cies. Values of BDE, EA (Egs. 3 and 4) and geometrical
parameters of the involved species were calculated for each

@ Springer
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DFT method from the obtained structures and then com-
pared to the reference values shown in Table 2. All these
calculations were carried out using the Gaussian 09 package
of programs [41].

Following criteria were taken into account for the choice
of density functionals in the present study: (1) their perfor-
mance in the reproduction of physical properties in two data-
bases used by Peverati and Truhlar in 2014 [24]: ABDE12
database includes R—X bond dissociation energies in small
organic molecules, where R = methyl, ethyl, isopropyl or
tert-buthyl, and X = hydrogen, methyl, methoxy or hydroxy;
and EA13/03 database comprises electron affinities of six
main-group atoms (C, S, O, P, Si and Cl) and seven small
molecules including the hydroxyl radical (SH, Cl,, OH, O,,
PH, PH, and S,); (2) they covered all rungs of the Jacob’s
ladder, (3) the parameters (semi-empirical and non-empiri-
cal) considered in the functional’s parametrization, and (4)
range separation exchange-correlation functionals were also
included. Detailed description of the chosen functionals can
be found in Table 1. Additionally, two wavefunction-based
methods (HF and MP2) were also tested with the basis sets
depicted in the following paragraph.

The effect of the basis set was tested by comparing four
Pople’s basis sets, which may determine the flexibility of
the electron density (i.e. homogeneity vs. non-homogeneity
of the electron density). MG3S basis set (6-311+G(2df,2p))
[42] was the starting point because this was used in the data-
bases of Peverati and Truhlar [24]. To reduce the computa-
tional cost the 6-31G(d,p) basis set was considered and then
by successively adding diffuse functions and splitting the
valence one arrives to the 6-31+G(d,p) and 6-311+G(d,p)
basis sets, respectively. The MG3S basis set is obtained by
adding polarization functions to the lastly considered set.
Only basis sets including diffuse functions were considered
for the reaction including the hydroxyl anion [43].

Performance of each combination of DFT-based func-
tional and basis set was given by the computation of signed
and unsigned errors (SE and UE, respectively):

SE = Calculated value — Reference value UE = |SE]|
®)

3 Results and discussion

3.1 Bond dissociation energy of the oxygen-
oxygen bond in hydrogen peroxide

We analyze the peroxide bond breaking in hydrogen perox-
ide as the first reaction related to Fenton processes through
the calculation of the bond dissociation energy (BDE) of its
oxygen—oxygen bond. To obtain a reference value for the
electronic energy of this reaction we used high-level ab-ini-
tio methods together with complete basis set extrapolation.
The results are summarized in Table 3 for the Dunning’s
basis set up to quintuple-¢ with electron correlation energy
corrections of up to CCSDT(Q). The eBDE are poorly
estimated by HF level of theory due to lack of Coulomb-
type correlation, which is crucial for a proper description
of homolytic eBDE. This becomes evident when observ-
ing the correlation energy correction at the MP2 level of
theory which amounts to 64.80 kcal mol~" at the CBS limit.
However, the MP2 energy still does not provide an accurate
estimate of the eBDE because it overestimates the energy by
almost 10 kcal mol~!. These effects are also observed when
the decomposition of hydrogen peroxide in molecular oxy-
gen and molecular hydrogen (which does not consider radi-
callary species) is considered (Table S.1, supporting infor-
mation). Therefore, the inclusion of higher rank excitations
(up to CCSDT) are paramount to obtain a result of chemi-
cal accuracy. The eBDE computed at the CCSDT(Q)/CBS
amounts to 55.16 kcal mol™! (Table 3). Adding DFT calcu-
lated zero point energy and enthalpy corrections under the
rigid rotor and harmonic oscillator approximations, results
in a BDE value ranging from 50.34 to 51.06 kcal mol™!
(depending on the DFT functional used to obtain frequencies
and moments of inertia as shown in Table S.2 of the sup-
porting information). This value is in very good agreement
with the experimental value of 50.35 kcal mol~! (Table 2).
The highly correlated ab initio eBDE provides a reliable
benchmark energy upon which a myriad of different DFT
functionals will be compared.

To address systematic deviations of the different func-
tionals we first calculated the signed error (SE) between the

Table 3 Contributions to the electronic BDE at various level of theory and basis sets and extrapolated to the CBS limit

eBDE (kcal mol ™) SCF MP2-SCF CCSD-MP2 CCSD(T)- CCSDT-CCSD(T) CCSDT(Q)- Correlated BDE
CCSD CCSDT

cc-pvdz - 1.68 54.97 —9.65 3.47 —-0.08 0.56 47.05

cc-pvtz —0.90 61.27 - 12.59 5.09 —-0.39 0.57 52.48

cc-pvqz - 147 63.06 —-13.27 5.41 - - 53.74

cc-pvQz - 1.69 63.91 —13.50 5.54 - - 54.26

CBS limit - 1.74 64.80 - 13.74 5.66 —-0.39 0.57 55.16

@ Springer
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electronic BDE calculated at the DFT level and the ab-initio
reference value obtained above. Comparison of these val-
ues among the considered functionals shows a systematic
behavior for the different basis sets. SE values decrease
conform the basis set size is augmented from 6-31G(d,p)
to 6-3114+G(d,p) (inserted graphic in Fig. 1). Addition of
more d- and f-polarization functions on oxygen atoms and
p-polarization functions on hydrogen atoms in 6-311+G(d,p)
to obtain the MG3S basis set results in an increasing of the

Fig. 1 Unsigned error (UE) for
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SE values (see Figure S.1 in supporting information). Trend
in bond dissociation electronic energy can be explained in
terms of differences in the description of hydrogen peroxide
and hydroxyl radical (reactant and products, respectively).
When the basis set size is augmented, the electronic energy
always decreases in all the involved species. It can be eas-
ily shown that SE only becomes smaller when the total
electronic energy decreasing in products is higher than in
reactants. Therefore, the hydroxyl radical is most sensible
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to the increasing of the basis set size. However, this con-
clusion cannot be generalized since most functionals are
mainly designed to reproduce chemical properties derived
from energy differences instead of absolute electronic ener-
gies (Table 1).

Therefore, deviation of DFT functionals from the ab-
initio reference value is better studied by the unsigned
errors (UE) that ranged between 0.13 and 11.14 kcal mol~".
Only 12 of the 64 methods yielded an UE value higher than
5 kcal mol™!, which ascribes the resting 52 combinations
of DFT functional and basis sets an error comparable to the
0.03 to 3.89 kcal mol~! found for MP2 calculations with
these basis sets (see Figure S.1 in supporting information).
HF method yields UE values above 50 kcal mol~! for the
Pople’s basis sets, which is in agreement with the ab-initio
calculations discussed above that identified electron correla-
tion as key contribution to obtain correct bond dissociation
electronic energies. Interestingly, DFT-based methods are
able to improve HF results considerably by accounting for
electron correlation, although not in a systematic way which
would allow an extrapolation to converged values.

Comparison of the different DFT methods in Fig. 1
shows that the dependence of the UE values when going
from 6-31G(d,p) to 6-311+G(d,p) basis set differs for two
categories. GGA functionals (N12, BLYP and PBE) show
a decreasing of UE values in this order of basis sets and
the opposite effect is observed for almost all the other
functionals (except only for @B97, M062X and M11
functionals when going from 6-31G(d,p) to 6-31+G(d,p)
basis set). Although increasing the basis set reduces the
error in the electron kinetic energy, the parameters in
the semi-empirical correlation-exchange functionals are
optimized for a certain basis set on a specific set of mol-
ecules, and the change of the latter leads to considerable
deviations as observed in this study. This is confirmed
further when more polarization functions are added to the
6-3114+G(d,p) basis set because an increasing in the UE
value for GGA functionals and the opposite effect for the
other ones is always observed (to compare with MG3S
see Figure S.1 in Supporting Information). In the analysis
of the SE it was observed that all functionals except the
GGA ones underestimate the reference values for the basis
set 6-314+G(d,p) or larger. This underestimation could in
principle be ascribed in the functionals which include HF
exchange (from B3LYP in Table 1) to the HF contribu-
tion, which if consistent with the total electronic energy,
would underestimate the reference value considerably for
all basis sets studied. Local functionals (GGA) provide
better agreement with reference values as the basis set size
is augmented. One possible explanation is that larger basis
sets would lead to a better, more homogeneous descrip-
tion of the molecular electronic density, especially for the

@ Springer

most sensitive hydroxyl radical identified above. This is
reflected in the larger decrease in SE or UE when diffuse-
type functions on the oxygen atoms are added. The addi-
tion of one more Gaussian-type orbital in the valence shell
through the triple-¢ basis sets leads to a smaller decrease
of SE or UE in comparison. Range separated functionals
(wB97 family and M11 functional) are less sensitive to the
flexibility of the basis set possibly due to the range separa-
tion of their non-local parts.

If the different functionals are compared for a given basis
set, hybrid meta-GGA functionals do not perform better than
the hybrid GGA. Semi-empirical functionals of the Min-
nesota family as M06, M06-2X or M05-2X, for example,
perform as well as the wB97X (with larger deviations for
the M11 functional). Yet, no trends with the basis sets could
be distinguished for this family of functionals, possibly due
to their empirical construction and their high number of
parameters. These parameters are optimized to reproduce
reaction energies and other chemical properties in specific
databases. Considering the M06 and the M06-2X function-
als, for example, one observes smaller UE values for the
latter. This functional was parameterized with databases that
include transition states, which might be more representative
of the homolytic bond dissociation process studied here and
therefore explains the smaller errors [13].

The just discussed trends for SE and UE are maintained
if the reaction enthalpy is calculated with each DFT method
under the rigid rotor—harmonic oscillator approximation and
compared to the experimental data (50.35 kcal mol~!). The
observed differences among methods are significant since
the reported experimental error is only 0.10 kcal mol™! (see
Figures 2 and S.2 in the Supporting Information). These
differences between functionals cannot be attributed at
first glance only to the electronic structure method because
here they might also arise from the error associated to the
calculation of vibrational frequencies to obtain zero point
energy and enthalpy approximations in combination with
the assumption of the behavior as an ideal gas. However,
at least 97% of the difference in SE value within a func-
tional comes from variations in bond dissociation electronic
energy (Table S.2 in the supporting information). The same
is observed in the case of UE, except for the methods where
the trend was not verified (wB97, M062X and M11 function-
als when going from 6-31G(d,p) to 6-31+G(d,p) basis set,
as it was just stated). In general, zero point and thermal cor-
rections were relatively insensitive to the electronic structure
method as shown in Table S.2 of the supporting information.
Therefore, trends in UE values with regard to experimental
data can be mainly explained from arguments based on the
electronic structure of hydrogen peroxide and hydroxyl radi-
cal, which enforces the study of the intrinsic factors for the
Fenton reaction proposed in the introduction.
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3.2 Electron affinity of the hydroxyl radical

Hydroxyl radical reduction (HRR) is the second reaction
related to Fenton processes here studied. The inverse reac-
tion energy equals the electron affinity of the hydroxyl radi-
cal, which was calculated by high-level ab-initio methods
using complete basis set extrapolation (see Table 4). As in
the case of the eBDE, the HF level of theory does not pro-
vide a good estimate of the electron affinity, due to the lack
of Coulomb-type electron correlation between the unpaired
electron in the hydroxyl radical and the added electron in
the anion. Consequently, the MP2 correlation energy adds a
large correction to the EA, while overestimating it by around
8 kcal mol~!. Therefore in order to achieve a result of chemi-
cal accuracy, higher rank excitations in the cluster expansion
are needed. The energy is well converged at the CCSDT(Q)
level of theory with a correction of less than 0.5 kcal mol™".
Finally, the CCSDT(Q)/CBS extrapolated value for the
electron affinity (42.50 kcal mol™') nicely agrees with the
experimental reference of 42.147 kcal mol ™.

For the electron affinity the experimental data and the
ab-initio CBS extrapolated value are very close and in prin-
ciple both could be used as benchmark. We present here the
comparison of EA values calculated with DFT functionals to
the experimental reference value (Fig. 3) and the comparison
to the ab-initio value is shown in the Figure S.3 in the sup-
porting information.

Interestingly, all functionals show a negative value of
SE, with exception of BLYP (a GGA type). The basis set
dependence is very small for all functionals with no sys-
tematic deviation, as already observed by Hrusak et al.
[44]. BLYP and PBE are very close to the experimental
reference possibly due to error cancellation, and non-local
functionals present an underestimation of EA. This under-
estimation has been related previously to the Hartree—Fock
exchange in non-local functionals by Hrusak et al. [44].
The two meta-GGA functionals, MN12L and MO6L,
show the largest deviation. In general, functionals with
HF exchange perform better than meta-GGA function-
als but worse than GGA functionals. The inclusion of HF

Table 4 Contributions to the electronic electron affinity (EA) at various level of theory and basis sets and extrapolated to the CBS limit

EA (kcal mol™") SCF MP2-SCF CCSD-MP2 CCSD(T)- CCSDT-CCSD(T) CCSDT(Q)- Correlated EA
CCSD CCSDT
aug-cc-pvdz —4.98 49.89 -10.24 2.94 -0.03 0.42 37.60
aug-cc-pvtz - 6.06 53.85 -11.74 4.12 -0.26 0.41 40.16
aug-cc-pvqz -6.20 55.47 —-12.24 4.38 - - 41.42
aug-cc-pvQz —-6.24 56.16 - 12.56 4.50 - - 41.86
CBS limit -6.25 56.88 -12.90 4.63 -0.26 0.41 42.50
Fig.3 Unsigned error (UE) 14.000 -
for DFT calculated EA values o © =631+G (d
compared to the experimental S?NE - (dp)
reference in kcal mol~". Signed 12.000 - a3 ¥ 6-311+G (d,p)
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exchange in the BLYP and PBE functionals represented by
B3LYP and PBEO increase the UE value, possibly due to
the poor performance of the HF method discussed above.

The family of the Minnesota functionals shows various
performances. While MN12L showed the largest error,
M11 exhibits the smallest. The errors for the rest of the
functionals are in the range defined by M11 and MN12L.
Notice that B3LYP (a HGGA-type) presents the second
smallest UE values of the functionals, which is in agree-
ment to the study of Hrusak etal. [44]. As already observed
in the bond dissociation energy also here hybrid meta-
GGA do not perform better than GGA.

Among the different functionals the ®B97X seems to
provide the most consistent results considering the compu-
tational cost, although other functionals as PBE or BLYP
predicted close values to the experimental data plausibly
due to cancellation of errors.

3.3 Geometries of involved species

Besides the energetics it is also interesting to address
whether different DFT functionals are able to reproduce
the correct geometrical properties of hydrogen peroxide
(only minor differences in the geometry were observed for
the hydroxyl radical and its anion, as observed by Hru-
sak et al. [44], see Figures S.4 and S.5 in the supporting
information). If a DFT functional is able to provide the
correct geometry, the electronic energy could be calculated
by ab-initio methods and, therefore, an accurate descrip-
tion of PBB and HRR reactions would become possible.
The quality of the molecular geometries of hydrogen
peroxide was addressed by comparing bond lengths, the

oxygen—oxygen—hydrogen (OOH) angle and HOOH dihe-
dral angle with experimental reference values. For the bond
lengths all of the functionals present unsigned errors being
lower than 0.045 A (see Figures S.6 and S.7 in supporting
information), whereas larger variations are observed for
the angles.

The deviations from the experimental value for the HOO
angle and the HOOH dihedral angle are shown in Figs. 4
and 5, respectively (full data in Figures S.8 and S.9 in the
supporting information). The deviation of the OOH angle
clearly separates the non-empirical GGA functionals from
the semi-empirical MN12L and the meta-GGA function-
als. PBE and BLYP provide negative deviation for the
angles, whereas the other present positive deviation in the
same range of one or two degrees. However, for the GGA
functionals the absolute deviation gets smaller with increas-
ing the basis set’s size, which might, again, be related to a
better and more homogeneous description of the electron
density. For the other functionals, which result in structures
with angles larger than the experimental value, the devia-
tion increases with the basis set. Addition of diffuse func-
tions increases for almost all functionals the deviation by
more than 50%. Extending the valence shell of the basis set
resulting in the 6-311+G(d,p) basis set improves the angles
for non-empirical GGA functionals but increases slightly
the error, as also observed for the extra polarization-type
functions.

For the HOOH dihedral angle the tendency of the dif-
ferent functionals is not clear. Some GGA functionals
lead to a positive deviation and other to a negative one.
Increasing the basis set with diffuse function or more
Gaussian functions in the valence shell always leads to
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larger dihedral angles except for the empirical MN12L
GGA functional. Here, the effect of an extra basis func-
tion in the valence shell of the oxygen atom has a large
effect in the dihedral angle. For the functionals including
HF exchange the 6-311+G(d,p) basis set provides angles
which are very close to the experimental value indepen-
dently of the functional used, except for B3ALYP which
overestimates its value. This trend is not so clear for the
empirical functionals from the Minnesota family, where
the larger basis set overestimates its value as observed for
the M11 or M05-2X.

When both angles are considered, it is observed that
an increasing in the basis set leads in general to more
extended HOO and HOOH angles, probably because the
system must compensate the increase in Coulombic repul-
sion with an extension in the angle. On the other hand, no
combination of functional and basis set seems to provide
the best result in both cases. Hybrid functionals lead to
larger absolute deviation in the OOH angle but smaller
errors in the HOOH dihedral angle. In general, it is dif-
ficult to conclude which functional/basis set combination
should be used for the correct geometry. However, consid-
ering the computational cost the PBE functional seems to
be a suitable candidate for the calculation of geometries
in hydrogen peroxide, since with the 6-314+G(d,p) basis
set the obtained deviations are below 1 degree. Other can-
didates are MN12L and MO6L functionals together with
the B3LYP/6-314+G(d,p) method. The fact that MN12L
and MO6L provide a good geometry for hydrogen perox-
ide might be originated to the fact that this molecule was
present in the database used to optimize the parameter set
of these functionals [12, 13].

4 Conclusions

Two reactions related to Fenton processes and associated
with the homolytic bond dissociation energy of the per-
oxide bond in hydrogen peroxide (BDE) and the electron
affinity (EA) of the hydroxyl radical have been studied
with high-accuracy extrapolated ab-initio methods. The
obtained results are in perfect agreement with the experi-
mental reported values and assign a large contribution of the
electron correlation energy to the electronic energy associ-
ated with both processes. The contribution of the electron
correlation energy only converges to chemical accuracy of
1.0 keal mol™! at the CCSDT(Q) level.

DFT-based methods provide bond dissociation electronic
energies and electron affinities which are significantly bet-
ter than HF and comparable to the MP2 or CCSD level of
theory. The inclusion of HF exchange in the functional
(functionals below B3LYP in Table 1) leads in general to
a decreasing of BDE and EA, which may be related to the
underestimation of the HF results at the CBS limit (Tables 3
and 4). This trend can be analyzed together with the basis
set dependence observed in the results of the BDE values.
Extending the basis set induces a less absolute deviation
for BDE in GGA functionals. For example, N12 and BLYP
functionals yield UE values under 1.00 kcal mol~! in com-
bination with the 6-311+G(d,p) basis set, but this absolute
deviation reaches 6.00-8.00 kcal mol~! when the 6-31G(d,p)
basis set is considered with regard to the ab-initio reference.
The opposite effect is observed for non-local functionals,
where UE values become larger as the basis set is extended.
For example, the popular B3LYP functional yields an UE
value of 1.06 kcal mol™! with the 6-31G(d,p) basis set, but
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it increases up to 6.60 kcal mol™! for 6-31 1+G(d,p). There-
fore, non-local functionals are better combined with smaller
basis sets with UE values around 1.00 kcal mol~! reducing
the computational cost. On the other hand, more local func-
tionals require larger basis sets in order to reach similar UE
values, probably due to the better modeling of the electronic
density when the basis set is extended (Fig. 1). Hybrid Meta-
GGA functionals from the Minnesota family do not perform
better than hybrid GGA. For DFT calculated EA values no
systematic behavior with regard to the basis set is observed.
MN12L, MO6L and PBEO functionals show, however, high
UE values (over 6.60 kcal mol™") whereas BLYP, PBE and
M11 yield electron affinities very close to the experimental
reference value (Fig. 3) probably due to an error cancella-
tion. From all functionals studied the range separated with
short range exchange ®B97X hybrid functional combined
with the 6-31+G(d,p) basis set is the best combination for
these two reactions due to its low computational cost and
since its errors present smaller dependence on the basis set.

Analysis of geometries obtained with the different DFT
methods for the involved species shows that most function-
als provide reasonable geometries with error in the bond
lengths below 0.05 A and in the angles between one and two
degrees. Increasing the basis set leads in general to higher
values of both angles, probably due to the compensation of
additional Coulombic repulsion arising from the inclusion
of more electronic density in the bond region (Figs. 4 and 5).
When this fact is analyzed in conjunction with the features
of the functionals, it can be concluded that the non-empirical
ones (BLYP and PBE) needed larger basis sets in order to
provide small absolute deviations for the angle HOO. The
PBE functional yields an UE value of 0.02° with the MG3S
basis set, but it increases up to 1.55° for 6-31G(d,p). The
opposite effect is verified in the semi-empirical functionals:
absolute deviation for the angle HOO increases from 0.62°
up to 1.54° for the SOGGA11X functional with increas-
ing basis set (Fig. 4). Although the results of the dihedral
angle in hydrogen peroxide do not show the same system-
atic dependence of the basis set, for both angles the best
geometries are achieved with the MO6L, MN12L or B3LYP
functionals and the 6-31+G(d,p) basis set.

Although no systematic behavior of DFT methods was
observed in the different assayed parameters, this consti-
tutes an expected result because of the nature of the Density
Functional Theory, which does not follow, for example, a
variational philosophy [25-28]. However, this fact strongly
justifies the need for performing this benchmark study as a
good starting point toward a theoretical description of reac-
tions were hydrogen peroxide is involved (e.g. the Fenton
reaction). Therefore, this study may be used in the future to
balance computational cost and accuracy in the theoretical
characterization of other aspects of this kind of reactions,

@ Springer

for instance, the inclusion of transition metals or other sub-
stituted peroxide molecules.
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