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Esteban Vöhringer-Martinez

the date of receipt and acceptance should be inserted later

Abstract Peroxides play a central role in many chemical and biological pro-
cesses such as the Fenton reaction. The relevance of these compounds lies in
the low stability of the O–O bond which upon dissociation results in radical
species able to initiate various chemical or biological processes. In this work, a
set of 64 DFT functional-basis set combinations has been validated in terms
of their capability to describe bond dissociation energies (BDE) for the O–O
bond in a database of 14 ROOH peroxides for which experimental values of
BDE are available. Moreover, the electronic contributions to the BDE were
obtained for four of the peroxides and the anion H2O

−
2 at the CBS limit

at CCSD(T) level with Dunning’s basis sets up to triple–ζ quality provid-
ing a reference value for the hydrogen peroxide anion as a model. Almost
all the functionals considered here yielded mean absolute deviations around
5.0 kcal mol−1. The smallest values were observed for the ωB97 family and the
Minnesota M11 functional with a marked basis set dependence. Despite the
mean deviation, order relations among BDE experimental values of peroxides
were also considered. The ωB97 family was able to reproduce the relations
correctly whereas other functionals presented a marked dependence on the
chemical nature of the R group. Interestingly, M11 functional did not show a
very good agreement with the established order despite its good performance
in the mean error. The obtained results support the use of similar validation
strategies for proper prediction of BDE or other molecular properties by DFT
methods in subsequent related studies.
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1 Introduction

Peroxides are compounds with the general formula ROOR′, where R and R′

correspond to any (generally organic) chemical group bonded through a cova-
lent bond. These are naturally ubiquitous in the environment mainly because
of atmospheric O2, which can react, for instance, with water to form hydro-
gen peroxide (H2O2) [1]. In biological systems, H2O2 is widely known as a
side product of the cellular reduction of O2, which is coupled to the oxida-
tion of nutrients [2–4]. In presence of reduced metallic cations as Fe2+, the
oxygen–oxygen bond cleavage in hydrogen peroxide is facilitated by the so
called Fenton reaction [5, 6], where the subsequent formation of the strong
oxidizing hydroxyl radical (·OH) results in the destruction of cellular compo-
nents as lipids, proteins and nucleic acids, leading to inflammatory processes,
carcinogenesis and aging [7–10]. Peroxides have also been used in a wide range
of industrial processes as the synthesis of polymeric resins [11,12] and the re-
moval of organic contaminants from water bodies [13,14].

The biological and industrial role of peroxides is directly related to the low
stability of the O–O bond in comparison with other compounds in which oxy-
gen is bonded to elements of the second period [1]. Keeping this in mind,
the theoretical characterization of the chemistry of peroxides should include a
comprehensive study of the homolytic peroxide bond breaking (PBB). In our
previous work, we performed a systematic study defining numerical descrip-
tors associated to the PBB process in hydrogen peroxide and carrying out a
benchmark study of the performance of DFT methods [15,16] (64 functional–
basis set combinations; Table 1) [17]. We first considered the bond dissociation
energy (BDE) as an energetic descriptor, which is defined in the following way
for a ROOH peroxide:

BDE = ∆fH
0
298.15(RO·) +∆fH

0
298.15(·OH)−∆fH

0
298.15(ROOH) (1)

A validation based on the BDE takes advantage of the availability of experi-
mental reference data [18]. However, it is not easy to identify sources of error
in its calculation from first principles because deviation from experimental
data could be originated from the electronic structure and frequency calcula-
tions as well as from the inability of computational methods to describe other
experimental conditions such as deviations from the ideal behavior. As an al-
ternative, extrapolated CCSD calculations at the complete basis set (CBS)
limit provide additional benchmark reference data reflected in the electronic
energy (including internuclear repulsion) associated to the PBB process (elec-
tronic BDE, eBDE), which is defined as:

eBDE = E(RO·) + E(·OH)− E(ROOH) (2)
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In our recent study we observed good agreement of the BDE value of hy-
drogen peroxide calculated with several DFT–based methods compared to its
experimental reference value of 50.35 kcal mol−1 [18]. The unsigned errors did
not exceed 5.0 kcal mol−1 for almost all the tested functional–basis set com-
binations (Table 1). A basis set dependence explained in terms of qualitative
arguments based on the features of each functional–basis set combination was
also observed. Same trend was verified for the calculation of eBDE, whose
reference value was obtained by performing highly correlated ab initio calcu-
lations. These results enabled us to conclude that the main source of error in
the prediction of BDE is mainly dominated by the electronic structure de-
scription. The importance of a correct description of the electron correlation
energy was evidenced from high level ab initio calculations and supported the
feasibility of using DFT methods to computationally describe the PBB pro-
cess in hydrogen peroxide [17].

Here, we study whether the conclusions for hydrogen peroxide can be extended
to a total of 14 peroxides with the general formula ROOH, where the R group
ranges from alkyl and alkoxy groups to halogen atoms. Criteria for the choice of
ROOH peroxides considered their chemical variability in terms of the number
of atoms and elements present in the R group, the availability of experimental
reference values for BDE and the feasibility of the calculation of a reference
for eBDE. Their structure is shown in Table 2 together with a syntax used to
differentiate them and their BDE experimental references. The hydrogen per-
oxide radical anion H2O

−
2 was also included as a model system for the reaction

in presence of metals as in the Fenton reaction, where the metallic center acts
as a reducing agent transfering an electron to the peroxide bond [19].

For applications, choice of a peroxide within a group of candidates is often
required instead of the knowledge of specific features of only one of them [6].
Therefore, rather than focusing only on the reproduction of the exact value
of BDE we also analyzed whether the different functional–basis set combina-
tions are able to reproduce BDE’s trend among peroxides accounting for the
experimental error.
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Table 1: Chosen Exc[ρ] functionals and their features (UE and MUE values in kcal mol−1)

Exc functional
MUE for

BDEa
UE for
BDEb

UE for
eBDEb

Jacob’s ladder
rung

%HF c RS
function

Empirical
fit

Ref.

N12 5.63 3.22 2.97 GGA 0 NO YES [20]

BLYP 11.66 2.26 1.60 GGA 0 NO YES [21,22]

PBE 6.14 7.85 7.30 GGA 0 NO NO [23]

MN12L 4.85 3.40 3.47 mGGA 0 NO YES [24]

M06-L 7.75 4.21 4.53 mGGA 0 NO YES [25]

B3LYP 9.84 4.14 4.44 HGGA 20 NO YES [21,22,26]

PBE0 7.12 2.94 3.08 HGGA 25 NO NO [27]

SOGGA11-X 4.97 4.44 4.43 HGGA 40 NO YES [28]

ωB97 3.85 1.36 1.43 HGGA 0 - 100d YES YES [29]

ωB97-X 4.45 1.82 1.89 HGGA 15 - 100d YES YES [29]

ωB97-XD 4.52 1.84 1.93 HGGA 22 - 100d YES YES [30]

BMK 3.78 2.99 3.05 HmGGA 42 NO YES [31]

M06 4.10 1.94 2.11 HmGGA 27 NO YES [25]

M06-2X 2.50 0.81 0.87 HmGGA 54 NO YES [25]

M05-2X 2.64 3.32 3.40 HmGGA 56 NO YES [32]

M11 3.13 0.12 0.26 HmGGA 43 - 100d YES YES [33]

a Mean unsigned error for the ABDE12 database of Truhlar and Peverati (2014) [34]. b Unsigned error with regard to the experimental
reference value of BDE or the electronic BDE reference (eBDE) obtained from extrapolated high level ab-initio calculations at the CBS
limit for hydrogen peroxide [17]. MG3S basis set was used in both cases. c Percentage of Hartree–Fock exchange in hybrid functionals and d

short and long range %HF for range–separated (RS) hybrid functionals. Note that in Minnesota–type MX and NX functionals incorporate the
exchange and correlation terms in a separable and non–separable way, respectively.
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Table 2: Chosen peroxides, their experimental reference values of BDE [18],
syntax of the labels used in this manuscript for their R group and their
corresponding ball–and–sticks models (obtained by using the software

Chemcraft [35]).

Peroxide BDE/kcal mol−1 Label Structure

Hydroperoxy radical 65.55 ± 0.08 rad

Hydrogen peroxide 50.35 ± 0.10 H

Trifluoromethyl hydroperoxide 48.1 ± 5 CF3
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Table 2: Chosen peroxides and their features (Continued)

Peroxide BDE/kcal mol−1 Key Structure

Zeroane 47.6 ± 2 CHO

1-hydroperoxy-2,2-dimethylpropane 46.3 ± 1.9 CH2C(Me)3

Fluoride hydroperoxide 45.6 ± 2 F
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Table 2: Chosen peroxides and their features (Continued)

Peroxide BDE/kcal mol−1 Key Structure

Methyl hydroperoxide 45.2 ± 1 Me

Tert-butyl hydroperoxide 44.8 ± 0.5 t− but

Isopropyl hydroperoxide 44.4 ± 1.5 isopropyl

Ethyl hydroperoxide 42.7 ± 1.5 Et
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Table 2: Chosen peroxides and their features (Continued)

Peroxide BDE/kcal mol−1 Key Structure

Methaneperoxycarboxylic Acid 40.6 ± 0.5 CMeO

Ethaneperoxycarboxylic Acid 40.6 ± 0.5 CEtO
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Table 2: Chosen peroxides and their features (Continued)

Peroxide BDE/kcal mol−1 Key Structure

Cloroperoxide 35 Cl

Bromo hydroperoxide 33.1 ± 2 Br
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2 Methods

All peroxides listed in Table 2 together with hydrogen peroxide anion (H2O
−
2 )

were considered in this work. Reference values for eBDE were obtained us-
ing highly correlated ab initio calculations for the peroxides containing the
R groups H (reference peroxide), Cl (electron-withdrawing group), Et and
CMeO (bulky aliphatic and electron withdrawing group). Calculations were
carried out considering Unrestricted Hartree–Fock determinants (UHF) at the
CCSD(T) level using the complete basis set (CBS) extrapolation scheme of
Halkier et al. [36] combined with Dunning’s basis sets [37–39] up to triple–
ζ quality. Geometries optimized at B3LYP/6-31+G(d,p) level of theory were
used for the four ROOH peroxides (for a justification, see section S.1 in sup-
porting information). All these calculations were performed using the PSI 4
program [40] coupled to the MRCC suite [41].

Assessment of DFT–based methods was performed in the same way as in
our previous work [17]: geometry optimization and frequency calculations of
ROOH peroxides, ·OR and ·OH radicals 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 species. BDE and
eBDE values (Equations 1 and 2) were calculated for each functional–basis
set combination from the obtained structures. All electron condition and the
command grid = ultrafine for the numerical computation of integrals were
considered in all the calculations, carried out using the Gaussian 09 package
of programs [42].

Exchange–correlation functionals (Exc) used in the calculation of eBDE and
BDE values and their main features are shown in Table 1. This choice is the
same as in our previous work [17]; these are covering a wide range in the so
called Jacob’s ladder and reproducing BDE values in the database ABDE12
used by Peverati and Truhlar in 2014 [34]. Moreover, inclusion of range sepa-
rated hybrid functionals and empirical parameters in the design of functionals
were also selection criteria.

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. its homogene-
ity vs. non–homogeneity) as previously described by us [17]: MG3S basis set
(6-311+G(2df,2p)) [43] was the starting point because this was used in the
databases of Peverati and Truhlar in 2014 [34]. To reduce the computational
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 to ensure a correct description of
the hydroxyl anion [44].
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For a particular ROOH peroxide, performance of each functional–basis set
combination was firstly given by the computation of signed and unsigned error
(SE and UE, respectively):

SE = Calculated value− Reference value UE = |SE| (3)

Mean signed and unsigned errors (MSE and MUE, respectively) were also
computed as stated in equation 4:

MSE =

∑
peroxides SE

nperoxides
MUE =

∑
peroxides UE

nperoxides
(4)

Statement of an order relation among the experimental reference BDE values
of the peroxides in Table 2 was made by considering their general form:

BDE(X) = BDE(X)± err(X) (5)

where BDE(X) and err(X) correspond respectively to the average experi-
mental value and its associated error for an arbitrary ROOH peroxide X.
Considering the value of 1.0 kcal mol−1 as a suitable bound of chemical ac-
curacy, the following order relation on the set of the experimental reference
values of BDE is defined in this work:

BDE(B) > BDE(A)⇔[
BDE(B)− err(B)− 1.0 kcal mol−1

]
>[

BDE(A) + err(A) + 1.0 kcal mol−1
] (6)

From equation 6, the useful parameter ∆ can be defined, where the relation
BDE(B) > BDE(A) is kept:

∆ =
[
BDE(B)− err(B)

]
−
[
BDE(A) + err(A)

]
(7)

and therefore:

BDE(B) > BDE(A)⇔
∆ > 2.0 kcal mol−1

(8)

With this order relation diagram in Figure 2a summarizes all possible order
relations among the experimental BDE reference values. For the validation of
DFT methods from this point of view, any wrongly reproduced order relation
is defined as a “penalty” and the total number of penalties per DFT–based
method was used as an additional performance criterion.



12 Danilo J. Carmona et al.

3 Results and discussion

To exclude that deviations from experimental BDE reference values are due
to factors different from the correct description of the electronic structure of
the involved species, the calculation of eBDE was considered. As reference
we took CCSD(T) calculations extrapolated to the complete basis set (CBS)
limit as described in the Methods section. This analysis encompassed only five
peroxides: H, Et, Cl, CMeO and the anion of hydrogen peroxide (H2O

−
2 )

due to the computational cost. The geometries for these calculations were ob-
tained at the B3LYP/6-31+G(d,p) level because this combination presented
a deviation of only 0.01 kcal mol−1 in the eBDE value of hydrogen perox-
ide in comparison with that calculated with the experimental geometry (see
section S.1 in Supporting Information). For the neutral species H, Et, Cl
and CMeO, our results show the same trend for eBDE as in BDE calcula-
tions (see sections S.2, S.3 and S.4 in Supporting Information). These facts
lead us to establish a necessary condition to ensure that different performance
among methods arises from the electronic structure part of the calculation as
previously observed for the hydrogen peroxide [17]. Moreover, this supports
that CCSD(T)/CBS calculations in combination with DFT geometries and
thermal corrections are able to predict the experimental BDE values within
chemical accuracy at least for these neutral peroxides (Table 3). In the case of
the anion of hydrogen peroxide (H2O

−
2 ) a reference eBDE of 7.75 kcal mol−1

was obtained. As it was expected, this value is smaller compared to the other
peroxides by at least 20.0 kcal mol−1, although ZPE and thermal contribu-
tion is practically constant among methods, which allowed us to anticipate
a BDE reference value for the anion (Table 3). However, eBDE calculated
using DFT methods for this species deviates by at least 20.0 kcal mol−1 from
the ab initio reference. Additionally, these methods did not always predict a
smaller eBDE value for H2O

−
2 compared to the neutral peroxides (see section

S.5 in the Supporting Information). Wrong description of parameters includ-
ing anionic species had just been described in our previous work [17], where a

Table 3: ab initio eBDE and predicted BDE values for
the selected set of five peroxides. All values in kcal mol−1.

Peroxide eBDEa TZCb BDEpred
c BDEexp

d

H2O2 55.17 -4.48 50.69 50.35 ± 0.1

Me(CO)OOH 45.95 -3.92 42.03 40.6 ± 0.5

ClOOH 38.13 -2.83 35.30 35 ± 5

EtOOH 50.18 -5.11 45.07 42.7 ± 1.5

H2O
−
2 7.75 -1.21 6.54 -

a Calculated as described in section 2; b Thermal and ZPE con-
tribution calculated at B3LYP/6-31+G(d,p) level;c BDEpred =

eBDE + TZC; d See Luo et al. [18].
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non systematic trend was obtained for the electron affinity of hydroxyl radi-
cal by using the same set of functional–basis set combinations considered here.

Having found enough evidence for the feasibility of explaining differences
among DFT methods in the reproduction of BDE values through arguments
based on the electronic structure of the systems, we performed our further
analysis based on deviations from experimental BDE reference data. Figure
1a summarizes the mean unsigned error (MUE) and mean signed error (MSE)
for bond dissociation energies (BDE) calculated for the peroxide database
with different functionals and basis sets compared to the results of hydrogen
peroxide reported recently by us (Figure 1b) [17]. For hydrogen peroxide we
established that the signed error (see inset) decreases for all functionals when
the basis set is augmented from 6-31G(d,p) to 6-31+G(d,p) and 6-311+G(d,p)
but increases with the inclusion of polarization functions (MG3S basis set [43]).
This trend is confirmed for all peroxides as the insets of SE on Figures 1a and
S.1 (supporting information) reveal. The inclusion of diffuse functions and
more functions for the valence shells leads to smaller BDE values because
of the electronic energy of the radicals ·OH and ·OR becomes more nega-
tive faster compared to the peroxides ROOH when the basis set is enhanced,
probably due to the increased flexibility of the larger basis sets, i.e. the so-
called size–extensivity problem. The opposite is observed when passing from
6-311+G(d,p) to 6-311+G(2df,2p) (MG3S) because the addition of polariza-
tion functions implies the inclusion of d and f atomic orbitals, which generates a
displacement of the electronic density of a nature different from such observed
for the addition of s and p atomic orbitals. Therefore, it is not surprising that
the behavior of density functionals changes when these modifications on the
basis set are made, specifically in terms of the energy variation of the reactant
ROOH in comparison with such observed for the products ·OH and ·OR (see
insets on Figure 1 and Figure S.1 in supporting information).

For GGA functionals (N12, BLYP and PBE) all SE were positive for hydrogen
peroxide but this trend is not confirmed for all peroxides. Comparing the SE
of the different peroxides two groups are distinguished: peroxides with R con-
sisting of less than two atoms (R = H ,Cl, F , rad and Br) present the same
behavior as hydrogen peroxide, and the other ones, where the R group consists
of more than one atom, present negative SE for these three functionals (see
Figure S.1 in Supporting Information). The SE is most negative for R–groups
containing an oxygen atom as the ketones. The dissimilar behavior of these
two groups of peroxides explains the small values of MSE when the SEs are
averaged over all peroxides. For the remaining functionals (meta–GGA and
hybrids), the behavior is approximately uniform among peroxides.

One has to consider that the approximate form of Exc functionals is often
parameterized on energy differences rather than on the absolute electronic
energy. Therefore, the unsigned error is more appropriate to assess their per-
formance for peroxides. For GGA functionals, basis set dependence observed
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for UE in HO − OH (Figure 1b) is attenuated when MUE values are cal-
culated (Figure 1a). This fact is a numerical consequence that the basis set
dependence on UE for peroxides with positive SE values is inverse to the other
ones (for example, compare CH2CMe3 and F in Figures S.1d and S.1e in
supporting information). This is ultimately originated by the just commented
basis set dependence on SE, which is present in all the here considered perox-
ides, as pointed in the second paragraph of this section. Non–local functionals
(meta–GGA and hybrid ones) present a basis set dependence where the MUE
increases in the order 6-31G(d,p) to 6-31+G(d,p) and 6-311+G(d,p) and de-
creases for MG3S in accordance with the result of hydrogen peroxide. This is a
direct consequence that these functionals do not present the dependence on the
R group as observed for GGA functionals. This could indicate that inclusion
of certain amount of exact non–local HF exchange improves the agreement
with reference values for the peroxides with larger R group consisting of more
than one atom. Non–local range separated functionals as the ωB97 family and
M11 show smaller MUE, specifically for the combination M11/MG3S, which
has just been reported by us as a good method for hydrogen peroxide [17].
The only functional including dispersion effects on this set is ωB97X-D, whose
good performance can not be attributed exclusively to this feature, since this
is not the only difference with other functionals, even in the case of ωB97X,
because the correlation term was also reparameterized [30]. To support even
more this argument, we assayed the effect of including dispersion by calculat-
ing eBDE values for the small reference peroxide HO − OH with the small
basis set 6-31+G(d,p) and for the large peroxide CH2CMe3 with the largest
basis set used here (MG3S). We performed these calculations using the func-
tional B3LYP including the D3 dispersion correction. Differences with regard
to the B3LYP functional ranged only from 0.25 kcal mol−1 (for HO−OH) to
1.00 kcal mol−1 for CH2CMe3. Yet, in general the MUE of all peroxides are
larger than the values for hydrogen peroxide probably because of the depen-
dence of the error on the number of electrons in the system. This is mainly the
case for peroxides with R groups consisting of more than one atom, for which
the values of MUE can exceed 7.0 or even 10.0 kcal mol−1 for hybrid function-
als as B3LYP or PBE0 (see Figure S.1 in Supporting Information). Because
of its dependence on the cardinality of the basis set and therefore on the num-
ber of electrons, we also computed BSSE corrections for the small reference
peroxide HO − OH with the small basis set 6-31+G(d,p), and for the large
peroxide CH2CMe3 with the largest basis set used here (MG3S). These calcu-
lations were performed with the robust functional B3LYP. Difference in BSSE
was only 0.11 kcal mol−1 (1.00 kcal mol−1 for HO − OH and 0.89 kcal mol−1

for CH2CMe3), which allow us to argue BSSE is not a quantity whose con-
sideration affects the interpretation of the obtained results through the set of
peroxides.

For some applications it is more important to establish an order relation among
the BDE reference values of the different peroxides rather than the reproduc-
tion of absolute bond dissociation energies to anticipate which peroxide would
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(a)

(b)

Figure 1: (a) Mean unsigned error (MUE) of the calculated values of BDE
with different DFT methods for the peroxide database with regard to the
experimental reference values. Inserted graph shows the corresponding mean
Signed error (MSE) values. (b) Unsigned (UE) and signed error (SE) for hy-
drogen peroxide as comparison.
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dissociate more easily. The reactivity order map shown in Figure 2a relates
the experimental values and is used as reference to quantify what functional–
basis set combination reproduces the experimental reactivity order. If a DFT
method does not reproduce correctly one of the 50 order relations established
in the Figure 2a, then a penalty is assigned. The overall number of penalties
for the tested DFT methods are summarized in Figure 2b. The ωB97X-D [30]
functional presents the lowest number of penalties besides the just described
low value of MUE. However, the M11 Minnesota functional [33], which showed
small values of MUE, presents a large number of penalties. This suggest that
this functional might reduce MUE possibly due to the number of parameters it
contains, but it is less robust in the reproduction of the BDE order among dif-
ferent peroxides. Therefore, if the order of BDE is of interest the ωB97 family
of functionals seems to be more appropriate probably due to the inclusion of
a range separation function, which is an effect not depending on the empirical
fit that differentiate them from other similar functionals like B3LYP [29].

To further analyze the performance of DFT functionals, we show in Table 4
order relations for which at least one penalty was detected, their number of
penalties and the associated ∆ values. The fact that there is not a correla-
tion between the ∆ value and the amount of penalties allows us to conclude
that the main source of penalties relies on the features of the functional–basis
set combinations (Table 4). To study the chemical nature of the penalties we
analyzed their distribution among different R groups. Table 4 shows that per-
oxides with R groups CH2C(Me)3 and CMeO clearly possess larger number
of penalties with regard to the total order relations in which they are involved
(Figure 3). This fact could be derived from the larger fluctuations in the com-
puted BDE values for these species as discussed before for the MSE, mainly
in the case of GGA functionals.
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(a)

(b)

Figure 2: (a) Map showing the order relations among the experimental ref-
erence BDE values for the peroxides considered in this study. Arrows point
to peroxide with higher BDE value, as indicated in the inset. (b) Penalties
committed by each DFT method in the reproduction of the 50 order relations
shown in the map of part (a).
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Table 4: BDE order relations for which penalties were commited by the DFT
methods considered here.

Order relation Penalties ∆/ kcal mol−1

CMeO → CH2C(Me)3 32 3.3

Br → CEtO 25 5.0

Br → CMeO 19 5.0

CMeO → Me 12 3.1

CEtO → CH2C(Me)3 11 3.3

Cl → CHO 4 5.6

Br → CHO 4 10.5

F → H 3 2.65

CEtO → Me 3 3.1

Br → CH2C(Me)3 2 9.3

Et → H 1 6.05

CMeO → F 1 2.5

Figure 3: Percentage of penalties committed by all considered DFT methods
for peroxides with different R groups.
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4 Conclusions

In this work, we have extended our previous validation of 64 systematically
chosen DFT functional–basis set combinations in the description of BDE and
eBDE values for the hydrogen peroxide [17] to a set of 14 ROOH peroxides for
which experimental data of BDE are available. In general terms, error trends
observed in hydrogen peroxide are conserved in the case of non–local func-
tionals (meta–GGA and hybrid ones): same basis set dependence is verified
for each functional in the reproduction of eBDE and BDE, which suggests
that variation among results mainly arises from the electronic structure part of
the calculation. This fact allows us to give an explanation of these differences
through arguments based on the electronic structure and at the same time to
make a rational choice of the functional–basis set combination when compu-
tational calculations of BDE or eBDE are required. Within these non–local
functionals the ωB97 family present smaller absolute deviations for all the
peroxides. Local GGA functionals show a specie–depending behavior that can
be rationalized in terms of the amount of atoms and elements present in the
R group. Therefore, this validation does not only constitute a report of error
values but it also provides a rational strategy for the choice of functional–basis
sets based on the features of the functional, the basis set and the specific per-
oxide to be described.

The performance was not only based on the calculation of deviations from
reference values but it considered the establishment of a reactivity order to
evaluate the extent on which DFT methods are capable to reproduce it. Al-
though in general all the DFT methods reproduced the order relations in at
least a 90%, this analysis evidenced some differences between the ωB97 family
and M11 functionals, which both present the smallest absolute deviation from
the reference values. Yet, the order is only well reproduced by the first one. We
conclude that the establishment of a reactivity order is a valuable strategy for
a subsequent validation of DFT methods, for example, in applications where
the choice of a certain material is required instead of predicting a specific
value. The outcome of this validation enables us to recommend DFT for the
study of bond dissociation energy order among peroxides.

Finally, we have also obtained a reference value for the anion H2O
−
2 from first

principles. This value could serve as a powerful reference to study the dis-
sociation process considering this anion as a limit case of the peroxide bond
breaking as a consequence of the reduction of the hydrogen peroxide, for ex-
ample, by metallic centers as in the Fenton reaction [19]. However, this work
also emphasizes caution in the use of DFT methods when anionic systems
are intended to be described, as we have noted in our previous work for the
electron affinity of hydroxyl radical [17].
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Pablo Jaque, and Esteban Vöhringer-Martinez. A systematic electronic structure study
of the O–O bond dissociation energy of hydrogen peroxide and the electron affinity of
the hydroxyl radical. Theoretical Chemistry Accounts, 137(9):126, 2018.

18. Yu-Ran Luo. Comprehensive handbook of chemical bond energies. CRC press, 2007.
19. Bernd Ensing, Francesco Buda, and Evert Jan Baerends. Fenton-like chemistry in

water: oxidation catalysis by Fe (III) and H2O2. The Journal of Physical Chemistry
A, 107(30):5722–5731, 2003.

20. Roberto Peverati and Donald G Truhlar. Exchange–correlation functional with good ac-
curacy for both structural and energetic properties while depending only on the density
and its gradient. J. Chem. Theory Comput, 8(7):2310, 2012.

21. Axel D Becke. Density-functional exchange-energy approximation with correct asymp-
totic behavior. Phys. rev. A, 38(6):3098, 1988.

22. Chengteh Lee, Weitao Yang, and Robert G Parr. Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron density. Phys. rev. B,
37(2):785, 1988.



22 Danilo J. Carmona et al.

23. John P Perdew, Kieron Burke, and Matthias Ernzerhof. Generalized gradient approxi-
mation made simple. Phys. rev. lett, 77(18):3865, 1996.

24. Roberto Peverati and Donald G Truhlar. An improved and broadly accurate local
approximation to the exchange–correlation density functional: The MN12-L functional
for electronic structure calculations in chemistry and physics. Phys. Chem. Chem. Phys,
14(38):13171, 2012.

25. Yan Zhao and Donald G Truhlar. The M06 suite of density functionals for main group
thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and
transition elements: two new functionals and systematic testing of four M06-class func-
tionals and 12 other functionals. Theor. Chem. Acc, 120(1-3):215, 2008.

26. PJ Stephens, FJ Devlin, CFN Chabalowski, and Michael J Frisch. Ab initio calculation
of vibrational absorption and circular dichroism spectra using density functional force
fields. J. Phys. Chem., 98(45):11623, 1994.

27. Carlo Adamo and Vincenzo Barone. Toward reliable density functional methods without
adjustable parameters: The PBE0 model. J. Chem. Phys, 110(13):6158, 1999.

28. Roberto Peverati and Donald G Truhlar. Communication: A global hybrid generalized
gradient approximation to the exchange-correlation functional that satisfies the second-
order density-gradient constraint and has broad applicability in chemistry, 2011.

29. Jeng-Da Chai and Martin Head-Gordon. Systematic optimization of long-range cor-
rected hybrid density functionals. J. Chem. Phys, 128(8):084106, 2008.

30. Jeng-Da Chai and Martin Head-Gordon. Long-range corrected hybrid density func-
tionals with damped atom–atom dispersion corrections. Phys. Chem. Chem. Phys,
10(44):6615, 2008.

31. A Daniel Boese and Nicholas C Handy. A new parametrization of exchange–correlation
generalized gradient approximation functionals. J. Chem. Phys, 114(13):5497, 2001.

32. Yan Zhao, Nathan E Schultz, and Donald G Truhlar. Design of density functionals by
combining the method of constraint satisfaction with parametrization for thermochem-
istry, thermochemical kinetics, and noncovalent interactions. J. Chem. Theory Comput,
2(2):364, 2006.

33. Roberto Peverati and Donald G Truhlar. Improving the accuracy of hybrid meta-gga
density functionals by range separation. J. Phys. Chem. Lett, 2(21):2810, 2011.

34. Roberto Peverati and Donald G Truhlar. Quest for a universal density functional: the
accuracy of density functionals across a broad spectrum of databases in chemistry and
physics. Phil. Trans. R. Soc. A, 372(2011):20120476, 2014.

35. Chemcraft - graphical software for visualization of quantum chemistry computations.
https://www.chemcraftprog.com.

36. Asger Halkier, Trygve Helgaker, Poul Jorgensen, Wim Klopper, and Jeppe Olsen. Basis-
set convergence of the energy in molecular Hartree–Fock calculations. Chemical Physics
Letters, 302(5):437 – 446, 1999.

37. Thom H. Dunning. Gaussian basis sets for use in correlated molecular calculations.
I. The atoms boron through neon and hydrogen. The Journal of Chemical Physics,
90(2):1007–1023, 1989.

38. David E. Woon and Thom H. Dunning. Gaussian basis sets for use in correlated molec-
ular calculations. III. The atoms aluminum through argon. The Journal of Chemical
Physics, 98(2):1358–1371, 1993.

39. David E. Woon and Thom H. Dunning. Gaussian basis sets for use in correlated molec-
ular calculations. V. Core valence basis sets for boron through neon. The Journal of
Chemical Physics, 103(11):4572–4585, 1995.

40. Robert M. Parrish, Lori A. Burns, Daniel G. A. Smith, Andrew C. Simmonett, A. Eu-
gene DePrince, Edward G. Hohenstein, Uur Bozkaya, Alexander Yu. Sokolov, Roberto
Di Remigio, Ryan M. Richard, Jrme F. Gonthier, Andrew M. James, Harley R.
McAlexander, Ashutosh Kumar, Masaaki Saitow, Xiao Wang, Benjamin P. Pritchard,
Prakash Verma, Henry F. Schaefer, Konrad Patkowski, Rollin A. King, Edward F.
Valeev, Francesco A. Evangelista, Justin M. Turney, T. Daniel Crawford, and C. David
Sherrill. Psi4 1.1: An open-source electronic structure program emphasizing automa-
tion, advanced libraries, and interoperability. J. Chem. Theory Comput, 13(7):3185,
2017.



O −O BDE of ROOH peroxides 23

41. M Kllay, Z Rolik, J Csontos, I Ladjanszki, L Szegedy, B Ladoczki, G Samu, K Petrov,
M Farkas, and P Nagy. Mrcc, a quantum chemical program suite. URL: http://www.
mrcc. hu, accessed August 26th, 2016.

42. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheese-
man, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Ki-
tao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark,
J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega,
J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador,
J. J. Dannenberg, S. Dapprich, A. D. Daniels, . Farkas, J. B. Foresman, J. V. Ortiz,
J. Cioslowski, and D. J. Fox. Gaussian 09 Revision E.01. Gaussian Inc. Wallingford CT
2009.

43. Benjamin J Lynch, Yan Zhao, and Donald G Truhlar. Effectiveness of diffuse basis
functions for calculating relative energies by density functional theory. J. Phys. Chem.
A, 107(9):1384, 2003.

44. Timothy J Lee and Henry F Schaefer III. Systematic study of molecular anions within
the self-consistent-field approximation: OH−, CN−, C2H−,NH−

2 , and CH−
3 . J. Chem.

Phys, 83(4):1784, 1985.


