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Abstract. MCSCF-MRMP2 and DFT calculations were performed 
in order to analyze the stability and geometrical parameters of some 
possible intermediates for the reactions Ru2+ + H2O2 and Ru(H2O)6

2+ + 
H2O2. At MCSCF-MRMP2 level of calculation, the stability predicted 
for the RuIVO(H2O)5

2+ suggests an energetic preference of the reaction 
Ru(H2O)6

2+ + H2O2 toward the products involving this high-valence 
intermediate, in agreement with the commonly accepted mechanism 
for this kind of reactions. Due to its multiconfigurational character, 
the DFT approaches used in this work exhibited some limitations for 
properly describing the RuOIV(H2O)5

2+ ion and therefore the energy 
gap between the possible investigated intermediates.
Key words: MRMP2, DFT, Ruthenium oxo Compounds, Electron 
Correlation, RuIVO.

Resumen. Se realizaron cálculos a nivel MCSCF-MRMP2 and DFT 
con la finalidad de analizar la estabilidad y los parámetros geomé-
tricos de algunos intermediarios posibles para las reacciones Ru2+ 
+ H2O2 and Ru(H2O)6

2+ + H2O2. La estabilidad predicha a nivel 
MCSCF-MRMP2 para el ion RuIVO(H2O)5

2+ sugiere una preferen-
cia energética de la reacción Ru(H2O)6

2+ + H2O2 por los productos 
asociados con este intermediario de alta valencia, en acuerdo con el 
mecanismo usualmente aceptado para este tipo de reacciones. Debido 
a su naturaleza multiconfiguracional, las aproximaciones basadas en 
la teoría de funcionales de la densidad utilizadas en esta investigación 
exhibieron algunas limitaciones para describir adecuadamente el ion 
RuOIV(H2O)5

2+ y, por tanto, la diferencia de energía entre los posibles 
intermediarios investigados.
Palabras clave: MRMP2, DFT, compuestos oxo de rutenio, correla-
ción electrónica, RuIVO.

Introduction

The study of the reactions of H2O2 with transition metal com-
pounds to yield powerful oxidizing intermediates represents 
an important research field both, experimentally and theoreti-
cally, due mainly to its applications in organic chemistry and 
catalysis [1, 2].

The Fenton mixture, consisting of an acidic aqueous solu-
tion of Fe2+ ions and hydrogen peroxide, is by far the most 
known example of this kind of reactions [3-10]. The equivalent 
mixture formed with ruthenium and H2O2 has been used to 
oxidize different organic compounds, such as phenol and cyclo-
hexene. For this oxidizing mixture, high-valence RuIVO species 
is thought to be produced [11-13] and a mechanism involving 
high-valence intermediates, instead of radical species, is gen-
erally accepted (nevertheless, not conclusive arguments have 
been achieved yet on this regard; for some of these reactions a 
mechanism involving radical species cannot be ruled out). It is 
thought that RuIVO species generated in-situ could be responsible 
of the oxidant potential exhibited by these mixtures [14-16].

Therefore, with the aim of gaining some insight on the 
inherent preferential formation of intermediate species i.e. the 
high-valence moiety RuIVO2+ or the RuIIIOH2+ ion relating 
to the formation of the hydroxyl radical from the reaction of 
Ru2+ + H2O2 the relative stability of these species was ana-
lyzed by the MCSCF-MRMP2 calculations. Similarly, for the 
RuIVO(H2O)5

2+ and RuIIIOH(H2O)5
2+ ions shown in Figure 1, 

which could be the corresponding intermediates for the model 
reaction Ru(H2O)6

2+ + H2O2, the relative stability was deter-
mined at the same level of calculation.

Recently, the performance of different combinations of 
exchange-correlation density functionals and basis sets for the 
calculation of geometrical parameters of some ruthenium com-
plexes has been evaluated by Kulkarny and Truhlar [17]. Like-
wise, Zhao and Truhlar have analyzed comparatively the per-
formance of different functionals in the description of systems 
of chemical interest, such as those involving multireference 
rearrangements, for which these authors recommend, among 
others, the use of the M06 functional instead of the widely used 
B3LYP [18]. Truhlar’s group have also tested different func-
tional and basis sets for the determination of the aqueous Ru3+/

Fig. 1. Aquo-ruthenium species investigated in the present work.
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Ru2+ reduction potential [19]. In the present work, the energies 
of the singlet electronic states of the different aquo complexes 
are obtained by performing density functional theory calcula-
tions using the functional-basis set combinations B3LYP-LAN-
L2DZ and M06-DEF2-TZVP and the results are compared 
with those emerging from the MCSCF-MRMP2 approach.

Results and Discussion

The Ru2+ + H2O2 reaction

In Figure 2 are shown the relative energies for the low-lying 
electronic states of the fragments RuIIIOH2+ + OH· and RuIVO2+ 
+ H2O. For both metallic moieties, RuIIIOH2+ and RuIVO2+, 
the energy of the highest spin electronic states lies below the 
ground state reference; furthermore, since the fragments associ-
ated with the RuIIIOH2+ ion are located at 18.7 kcal/mol below 
than that of the high-valence RuIVO2+ ion, thereby in this reac-
tion the RuIIIOH2+ species could preferentially be formed. Yet, 
no conclusions can be attained in this sense, as the overall paths 
joining the reactants with these possible products (or intermedi-
ates) were not calculated in this work.

For the singlet fragments RuIIIOH2+ + OH, the calculated 
energy is above from the corresponding to the ground state of 
the reactants. However, for this multiplicity the energy of the 
species RuIVO2+ + H2O is 74.7 kcal/mol below this reference; 
this value suggests a strong interaction between the oxygen 
and the metallic atom for the closed shell configuration of the 
RuIVO2+ ion. The Ru-O interaction at the lowest spin electronic 
state favors a shorter distance, 1.45 Å, than that detected for 
the high multiplicity state, 1.59 Å. The triplet state of the 
RuIVO2+ + H2O exhibits a similar stability than the singlet one. 
Although also stable, the corresponding fragments RuIIIOH2+ + 

OH lie nearly 41 kcal/mol above the high valence intermediate 
asymptote.

Even though the singlet or triplet RuIVO2+ intermediates 
are not relevant when the reaction Ru2+ + H2O2 occurs follow-
ing the quintuplet ground state, the great stability detected for 
the high-valence low multiplicity moieties could play an im-
portant role in the reaction of H2O2 with ruthenium compounds 
having a closed shell or a triplet ground state configuration.

Ru(H2O)6
2+ + H2O2 reaction

MCSCF-MRMP2 energies for the singlet and quintuplet elec-
tronic states of the reactants Ru(H2O)6

2+ + H2O2 as well as 
for the fragments involving the species RuIVO(H2O)5

2+ and 
RuIIIOH(H2O)5

2+ are shown in Figure 3. The triplet electronic 
states of these fragments were not considered in this study 
as the experimentally detected ground state for the reactants 
corresponds to the singlet multiplicity [20, 22]. Values for 
the DFT energies emerging from the B3LYP/LANL2DZ and 
M06/DEF2 calculations for the singlet structures of the aquo-
complexes are provided in Figure 4. For comparison, in this 
figure are also included MCSCF-MRMP2/DEF2 energy values 
evolving from single-point calculations for the previously op-
timized singlet structures at the MCSCF level using the basis 
and pseudopotentials provided by LaJohn et al [25,  27, 28]. 
In Table 1 some relevant geometrical parameters for these ions 
are collected.

At MCSCF-MRMP2 level, the calculated energy differ-
ence between the singlet and quintuplet electronic states of the 
hexa-aquo ion is 18 kcal/mol (Figure 3), the low multiplicity 
state being more stable (in contrast to the detected energy order 
for these states in the bare ion Ru2+, as discussed before for the 
Ru2+ + H2O2 reaction). The greater stability found for the low 
spin complex is consistent with the experimental determina-

Fig. 2. MCSCF-MRMP2 relative energies for the asymptotes involving the species 
RuIVO2+ and RuIIIOH2+.
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tions made through UV-Visible spectroscopy on the hexa-aquo 
compound and it can be attributed to large ligand field effects 
[20, 22].

It is important to point out that inclusion of dynamical 
correlation plays a crucial role for obtaining a correct descrip-
tion of the electronic states of the haxa-aquo complex, as the 
energy value calculated for the low spin state at MCSCF level 
is higher than the corresponding to the quintuplet electronic 
state. Only after dynamic correlation was extensively included 
through MRMP2 single point calculations the energy values for 
these states were obtained consistently with the experimentally 
determined low-spin ground state.

The energy difference between these electronic states was 
previously reported by Åkesson et al. [23]. The value obtained 
by these authors through MRCI calculations (which included 
Davidson correction) for this energy gap is 3.4 kcal/mol, with 
the quintuplet state being more stable than the singlet one. To 
the best of our knowledge, this energy difference has not been 
reported by other authors.

The optimized geometry at MCSCF level (without sym-
metry restrictions) for the singlet ground state of the hexa-aquo 
molecule resembles nearly a structure corresponding to the D2h 
symmetry group. The calculated Ru-O bond distance (for the 
six equivalent metal-oxygen interactions), 2.14 Å, is in good 

Fig. 3. MCSCF-MRMP2 energies for the fragments associated with the species 
RuIVO(H2O)5

2+ and RuIIIOH (H2O)5
2+.
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agreement with the experimental value determined on dilute 
solutions through EXAFS experiments, 2.11 Å [21]. As shown 
in Table 1, for the high multiplicity electronic state slightly 
shorter equatorial than axial Ru-O bond distances were found 
(2.34 and 2.36 Å, respectively).

The DFT computed metal-oxygen bond lengths for the 
singlet ground state of the hexa-aquo ion are also in good agree-
ment with the available experimental data with the best result 
obtained at M06-DEF2-TVZP level, 2.13 Å.

In accord to the energy values shown in the Figure 3, both 
the singlet and quintuplet electronic states of the fragments 
RuIIIOH(H2O)5

2+ + H2O + OH· (which correspond to the dou-
blet and sextuplet electronic states of the ion RuIIIOH (H2O)5

2+, 
respectively) are unstable. At MCSCF-MRMP2 level of theory 
the singlet state is found to be 14.9 kcal/mol above the ground 

state of the reactants, whereas the fragments corresponding to 
the high multiplicity state lie above the energy reference by 
near 70 kcal/mol. As it is seen in Figure 4, the energy values 
computed at B3LYP/LANL2DZ and M06/DEF2 levels for the 
low multiplicity state of these fragments are 24.3 and 11.6 
kcal/mol, respectively. As it is also shown in this figure, the 
use of the basis set DEF2 does not have a significant effect on 
the calculated energy value at MCSCF-MRMP2 level for the 
hydroxo species (the energy difference is only 1.8 kcal/mol). 
However, it leads to a greater stabilization of the ruthenium 
oxo intermediate, as the calculated energy is nearly 9 kcal mol 
below the value provided in Figure 3 for this structure.

For the hydroxo complex the calculated Ru-O distances 
through the three levels of calculation were similar. The shorter 
value, 1.87 Å, is obtained from the M06/DEF2 calculation 

Table 1. Geometrical parameters for the investigated structures evolving from the different levels of calculation described in the Computational 
details.

Structure State Method Bond distance 
(Å)/Angle (degrees)

1A 
5A

MCSCF 
MCSCF

1.45 
1.59

2A 
6A

MCSCF 
MCSCF

1.75 
1.79

 
1A 
5A 
1A 
1A

 
MCSCF 
MCSCF 
B3LYP 

M06

Ru-Oax 
2.14 
2.36 
2.16 
2.13

Ru-Oeq 
2.14 
2.34 
2.16 
2.13

 
1A 
5A 
1A 
1A

 
MCSCF 
MCSCF 
B3LYP 

M06

Ru-O1 
1.71 
1.78 
1.74 
1.70

 
2A 
6A 
2A 
2A

 
MCSCF 
MCSCF 
B3LYP 

M06

Ru-O1 
1.88 
2.43 
1.89 
1.87

O1-H1 
0.98 
0.99 
0.98 
0.97

∠MO1H1 
130.6 
155.5 
117.5 
118.0
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whereas the longer one, 1.89 Å, evolves from the remaining 
DFT-scheme calculation.

As depicted in Figure 4, a stable structure is predicted for the 
singlet electronic state of the fragments involving the high-va-
lence oxo ion RuIVO(H2O)5

2+ at MCSCF-MRMP2/DEF2 level. 
The energy value for this electronic state is 32.7 kcal/mol below 
the ground state of the reactants. The energy values in Figure 4 
emerging from the DFT calculations for the singlet state of the 
fragments RuIVO(H2O)5

2+ + 2H2O are significantly higher than 
the MCSCF-MRMP2 value; the M06/DEF2 calculated energy 
lies below the ground state reference by 2.8 kcal/mol whereas 
the B3LYP/LANL2DZ value is 19.5 kcal/mol above the re-
actants. Despite the variations in the calculated energy values 
for the penta-aquo oxo compound, a reasonable consistency 
is obtained for the predicted geometrical parameters for this 
high-valence ion at the three levels of theory. For instance, only 
minor differences were detected between the computed Ru=O 
bond lengths, the B3LYP/LANL2DZ distance, 1.74 Å, being 
slightly longer than those obtained at M06/DEF2 and MCSCF 
levels, 1.70 and 1.71 Å, respectively. These values agree with 
the formal metal-oxygen double bond expected for this kind of 
high-valence ruthenium oxo compounds [24].

It is worth pointing out that the significant variations 
between the calculated energies of the high-valence species 
RuIVO(H2O)5

2+ at the different theoretical approaches could 
have an important effect in the study of reaction profiles in-
volving this oxo ion. For instance, at singlet electronic state, 
the MCSCF-MRMP2/DEF2 energy gap between the fragments 
involving the ions RuIIIOH(H2O)5

2+ and RuIVO(H2O)5
2+ is 45.8 

kcal/mol (Figure 4). Although not conclusive, the significant 
difference in the stability predicted for these species suggests 
that the reaction Ru(H2O)6

2+ with H2O2 could take place via 
the high-valence oxo intermediate RuIVO(H2O)5

2+. This result 
is in agreement with the commonly accepted mechanism for 
this reaction [14-16]. According to Figure 4, values for this gap 
at B3LYP/LANL2DZ and M06/DEF2 levels are 4.8 and 14.5 
kcal/mol, respectively.

The different stability predicted for the RuIVO(H2O)5
2+ 

cation through the three levels of theory could be related to the 
multiconfigurational character exhibited by this oxo compound. 
The dominant contribution to the MCSCF expansion of the func-
tion describing the singlet ground state of the RuIVO(H2O)5

2+ 
cation corresponds to the closed shell configuration (with a 
coefficient of 0.8). However, several contributions associated 
with open shell singlet electronic configurations (all of them 
involving interactions among the d-type orbitals of the metal-
lic ion with the p orbitals of the oxygen involved in the RuO 
double bond) appear in this expansion with coefficients signifi-
cantly greater than 0.1 (for instance, 0.26 and 0.48). Hence, a 
suitable description of the singlet electronic state of the metal 
oxo cation demands a multiconfigurational treatment which al-
lows including these significant contributions (this character is 
not so important for the description of the RuIIIOH(H2O)5

2+ ion, 
as the dominant configuration in the variational expansion cor-
responding to the doublet electronic state has a weight nearly 

to 0.97 and only two configurations have coefficients slightly 
greater than 0.1).

Mainly due to its monodeterminantal nature, DFT calcula-
tions could exhibit serious limitations for properly describing 
systems involving a multiconfigurational character. However, 
Zhao and Truhlar have proposed that the use of some func-
tionals, such as the M06 functional, could allow attain a bet-
ter description of these systems than the widely used B3LYP 
functional [18]. According to our results, for the ruthenium spe-
cies investigated in this contribution there is agreement in the 
stability order predicted by the M06-DEF2-TZVP calculations 
and those obtained at MCSCF-MRMP2/DEF2 level, whereas 
important deviations were found for the relative energies cal-
culated at the B3LYP-LANL2DZ level.

In our opinion, this can be addressed to the better perfor-
mance of the M06 functional for describing the double bond 
type interaction between the ruthenium and the oxygen atom 
in the RuIVO(H2O)5

2+ cation. However, it is important point-
ing out that the calculated energy value for the singlet elec-
tronic state of the penta-aquo oxo ruthenium complex using 
this exchange-correlation functional, is considerably higher 
(by roughly 30 kcal/mol) than the corresponding MCSCF-
MRMP2/DEF2 value.

Conclusions

Results evolving from three levels of calculation, the MCSCF-
MRMP2 approach and two DFT schemes, B3LYP-LANL2DZ 
and M06-DEF2-TZVP, have been used to calculate the geo-
metrical parameters and the relative stability of some ruthenium 
compounds, mainly the RuIIIOH(H2O)5

2+ and RuIVO(H2O)5
2+ 

ions, which could be relevant in determining the preference of 
the reaction Ru(H2O)6

2+ + H2O2 to yield radical species or high-
valence oxo intermediates. Main differences between the results 
obtained through the different approaches used for describing 
the hydroxo and oxo ruthenium ions could arise from the multi-
configurational character exhibited by the RuIVO(H2O)5

2+ ion.

Computational details

For ruthenium, the Averaged Relativistic Effective Potential 
(AREP) and the triple-ζ quality Gaussian basis set (for the 
outer d and s shells) optimized for the corresponding atoms 
by LaJohn et al. were used [25]. A set of f-type polarization 
functions with exponent 1.235 was added to the basis set. The 
energy difference between the 5D ground state of Ru2+ and the 
first excited state 7S calculated by us using this basis and AREP 
is only 2.2 kcal/mol below the experimental difference (77.6 
kcal/mol) obtained from the Moore´s tables [26]. The oxygen 
atoms were described through the AREP and the triple-ζ basis 
for the 2s and 2p region provided by Pacios et al. [27, 28]. This 
basis set was augmented with a set of six-Cartesian d polariza-
tion functions with exponents 1.292. For the hydrogen atoms 
the standard 6-31++G** basis set was used [29-31].
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MCSCF geometry optimization calculations were per-
formed for the singlet and quintuplet electronic states of each of 
the proposed intermediates without any symmetry restrictions 
(C1). For these calculations the six d electrons were distributed 
in the five d orbitals, thus having an active space (6, 5). Each 
of the structures was characterized at the same level of calcu-
lation through normal-mode analysis. In order to improve the 
calculated values for the energy, single point calculations were 
carried out al MCSCF-MRMP2 level using an active space 
(12, 10) which included, besides the orbitals forming the active 
space (6, 5) used for geometry optimization calculations, the 
three orbitals lying below the d-shell and the two lowest lying 
unoccupied orbitals. For MRMP2 calculations the MCSCF ac-
tive orbitals were used as the active space. In the Table 2 are 
collected the number of CSF’s used for describing the elec-
tronic states of each of the different ruthenium species.

All these calculations were performed using the GAMESS 
quantum chemistry code [32].

Geometry optimization calculations for the electronic sin-
glet state of the fragments involving the different aquo-com-
plexes were also carried out using two DFT approaches, mainly 
the B3LYP and the M06 functionals. Calculations using the 
first functional (denoted as B3LYP-LANL2DZ throughout all 
the paper) were performed using the 6-31G* basis set for all 
light elements and the LANL2DZ basis set for ruthenium [33]. 
For the second level of theory, the M06 functional developed 
by Truhlar [34] combined with the DEF2- TZVP basis set [35] 
was used for describing all the atoms. The basis sets used for 
ruthenium in both type of DFT calculations implies the usage 
of effective core potentials to replace the 28-electron inner 
core [33, 36].

The geometry of each of the investigated cations was op-
timized at each of these levels of theory without symmetry 
restrictions. All the optimized structures were characterized as 
energy minima through normal-mode analysis. All the DFT 
calculations were carried out using Gaussian 09 package [37].

The analysis of the relative stability of the different ruthe-
nium cations was made taken into account the stoichiometric 
relationship as determined by the reactants Ru(H2O)6

2+ + H2O2 
(or Ru2+ + H2O2).
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