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Quantitative predictions of the release of volatile radiocontaminants of ruthenium (Ru) in the
environment from either nuclear power plants (NPP) or fuel recycling accidents present significant
uncertainties while estimated by severe accidents nuclear analysis codes. Observations of Ru from
either experimental or modeling works suggest that the main limitations relate to the poor evaluation
of the kinetics of gaseous Ru in the form of RuO3 and RuO4. This work presents relativistic
correlated quantum chemical calculations performed to determine the possible reactions pathways
leading to the formation of gaseous Ru oxides under NPP severe accident conditions, as a result of
reactions of RuO2 gaseous with air radiolysis products, namely nitrous and nitrogen oxides. The
geometries of the relevant species were optimized with the TPSSh-5%HF functional of the density,
while the total electronic energies were computed at the CCSD(T) level with extrapolations to the
complete basis set CBS limit. The reaction pathways were fully characterized by localizing the
transition states and all intermediate structures using the internal coordinate reaction algorithm
(IRC). The rate constants were determined over the temperature range 250–2500 K. It is revealed
that the less kinetically limiting pathway to form Ru gaseous fraction is the oxidation of Ru by
nitrogen oxide, corroborating experimental observations.
Keywords: Severe accident; Ruthenium transport; Reactor cooling system; Kinetics; Quantum chemistry

INTRODUCTION

The prevention of the radiological consequences of
ruthenium release in the environment, implying the eval-
uation of its source term, is crucial for nuclear safety,
as ruthenium-containing compounds present severe san-
itary issues due to 103Ru and 106Ru isotopes, considered
as short and medium radio contaminants like 131I and
137Cs [1]. Such a release may occur mostly in the event
of a nuclear power plant (NPP) severe accident (SA) like
the Three Mile Island or the Chernobyl ones [2, 3], but
sometimes from nuclear fuel recycling plant as observed
lately through the Ural accident provoking a release of
ruthenium 106Ru over European countries [4, 5]. Liter-
ature review on Ru transport studies reported that Ru
volatilization can be influenced by humidity, tempera-
ture, and air flow rate in the Reactor Coolant System
(RCS) [6, 7] during a severe accident. The interactions
with other elements released from the fuel may also im-
pact the chemical composition and possibly the quantity
of transported Ru [8]. The mechanisms involved in the
ruthenium release are still not well characterized and im-
plemented in SA analysis codes [9]. The volatile form
of Ru is ruthenium tetroxide that can exist in oxidizing
atmosphere and which is not easy to trap by usual fil-
ters [10] but can be thermally reduced into non-volatile
RuO2 form. Chemical reactivity of gaseous RuO4 has to
be modeled in order to better assess potential releases in
the frame of a nuclear accident. In a previous theoret-
ical work, we have used relativistic correlated quantum

chemical methods to consolidate and extend Ru thermo-
dynamics database [11, 12]. It was revealed that thermo-
dynamic properties of Ru compounds in SA databases
agree with our theoretical calculations. Thence, a pos-
sible explanation for the observed discrepancies between
the simulated and experimental amounts of Ru trans-
ported fractions, might be related to kinetic limitations
in the formation of gaseous ruthenium molecules [13].
Thus, several research programs are currently led to

improve knowledge on Ru transport schemes [6, 14–17].
Among them, the Technical Research Centre of Fin-
land (Teknologian tutkimuskeskus, VTT) program stud-
ied ruthenium transport in humid atmosphere with air
radiolysis products [6, 16, 17]. The radiation of the at-
mosphere in the reactor vessel is thought to occur un-
der an NPP SA leading in particular to the formation of
air radiolysis products like nitrogen and/or nitrous ox-
ides [18, 19]. The results of the VTT program underlined
that the major part of Ru released from the crucible was
deposited inside the apparatus. The transported Ru frac-
tions were in condensed and gaseous forms. The aerosols
were identified as RuO2 and the gaseous form was iden-
tified as RuO4, according to instrumental neutron acti-
vation analysis. As it was found that air radiolysis prod-
ucts enhance the fraction of gaseous Ru at the outlet
of the experimental set-up, we decided to launch quan-
tum chemical calculations to determine reaction path-
ways and their kinetic parameters that lead to the for-
mation of the gaseous fraction of ruthenium (RuO3 and
RuO4 compounds, likely to be formed under experimen-
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tal conditions [12]), with air radiolysis products N2O and
NO2, according to the following chemical reactions:

RuO2 + N2O −−→ RuO3 + N2 (1)
RuO3 + N2O −−→ RuO4 + N2 (2)
RuO2 + NO2 −−→ RuO3 + NO (3)
RuO3 + NO2 −−→ RuO4 + NO. (4)

COMPUTATIONAL METHODOLOGY

Structural properties and energetics

The geometries of all stationary points for the rele-
vant chemical reactions were optimized using the TPSSh-
5%HF density functional [20], validated in our previous
works to obtain thermodynamic properties of Ruthenium
oxides and oxyhydroxides [11, 12]. In our calculations,
the N, O, and H atoms are described with augmented
correlation consistent polarized triple zeta aug-cc-pVTZ
(noted aVTZ) basis sets [21]. The ruthenium atom is de-
scribed by the aug-cc-pVTZ-PP basis set of Peterson et
al. [22], which incorporates a relativistic pseudo-potential
that accounts for scalar relativistic effects in the Ru atom.
Vibrational frequencies and zero-point energies (ZPE)
were determined at the same level of theory as the geome-
tries. When a transition state structure has been located
on the potential energy surface, intrinsic reaction coordi-
nates calculations (IRC) have been performed using the
algorithm implemented in the Gaussian09 RevC.01 soft-
ware [23] to find the associated molecular complexes on
the reactant (MCR) and product (MCP) sides.

In a second step, to obtain accurate potential energies
of all stationary points, single and double coupled cluster
with inclusion of a perturbative estimation for triple ex-
citation (CCSD(T)) [24, 25] calculations were performed
with the MOLPRO quantum chemistry package Version
2015.1 [26, 27]. The full valence (oxygen 2s and 2p and
ruthenium 5s and 4d) orbitals of Ru compounds were
correlated in the CCSD(T) calculations. The total en-
ergies computed with triple-ζ (n = 3), and quadruple-ζ
(n = 4) basis set qualities were extrapolated to the com-
plete basis set (CBS) limit using a two-fold scheme to ex-
trapolate Hartree-Fock energies [28, 29] and correlation
energies [30], as described in our previous works [11, 12].
The use of DFT optimized geometries combined with
CCSD(T) single point energy calculations was portrayed
in a recent work by Fang et al. [31] to study small Ru clus-
ters with water, enhancing the appropriateness of such
methodology to evaluate Ru related compounds thermo-
chemistry.

Regarding spin-orbit (SO) coupling, it was found in
our previous investigation [11] that SO contributions
amounted to 16, 10 and 0.75 kJ mol−1 for Ru, RuO, and

RuO2 compounds, respectively. In this study, we don’t
expect SO contributions to exceed that found for the Ru
atom, and as the ground state wave functions have low
spin contamination, we can safely assume that SO cor-
rections cancel when considering reaction and activation
energies.

Rate constants

The rate constants of the reactions were calculated
using the direct transition state approach, as applied
in our previous work [32]. The direct mechanism con-
siders the reaction from the reactants to the products,
and the formation of the pre-reactive complex (MCR)
is disregarded. The canonical Transition State Theory
(TST) [33–39] was applied to calculate the temperature
dependence of the rate constant for the direct mecha-
nism, kdirect, as follows:

kdirect(T ) =Γ(T )× kBT

h
× QTS(T )
QA(T )QB(T )

× exp
(
−ETS − EA − EB

kBT

)
(5)

where Γ(T ) represents the transmission coefficient used
for the tunneling correction at temperature T , and kB

and h are the Boltzmann and Planck constants, respec-
tively. QA(T ), QB(T ), and QTS(T ) are the total parti-
tion functions of A, B, and the TS at the temperature T ,
respectively. EA, EB, and ETS are the total energies at
0 K including the zero-point energies.
The GPOP program [40] was used to extract informa-

tion from the Gaussian output files to estimate the Eckart
tunneling corrections and to perform the rate constant
calculations over the temperature range of interest, 250–
2500 K. The structural properties, energetics and kinetic
parameters of selected reactions pathways are discussed
in the next subsections.

RESULTS AND DISCUSSION

Reaction coordinates with N2O

The reaction coordinates involving oxidation of RuO2
by N2O are displayed in Fig. 1 for the formation of RuO3
and Fig. 2 for the formation of RuO4. The corresponding
geometrical parameters and ZPE corrections are listed in
Tables I, and II, respectively.
The TS(1) structure corresponding to the formation of

RuO3 features a one-step mechanism with the breaking
of the N–O bond, stretched up to 1.351Å from its equi-
librium value in N2O, to form the third Ru-O bond, equal
to 1.934Å. This bond length is typical of ionic bonding,
as observed between hydroxyl ligands and Ru oxides in
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TABLE I: Structural parameters (bond lengths r in Å),
imaginary vibrational frequency (cm−1), and ZPE

(kJ mol−1), for the transition state and molecular complexes
calculated at the TPSSh-5%HF/aVTZ level of theory,
involved in the reaction RuO2 +N2O −−→ RuO3 +N2

Parameters MCR(1) TS(1) MCP(1)

r(N−N) 1.124 1.128 1.097
r(N−O) 1.222 1.351
r(Ru−ON2O) 2.126 1.934
r(Ru−O) 1.680 1.676 1.685
r(Ru−NN2 ) 4.527
θ(N−N−O) 173.4 148.8
θ(O−Ru−ON2O) 109.8 113.9
θ(O−Ru−O) 140.5 133.9 120.0
νim 590i
ZPE 43.94 49.96 36.20

TABLE II: Structural parameters (bond lengths r in Å)
imaginary vibrational frequency (cm−1), and ZPE

(kJ mol−1), for the transition state and molecular complexes
calculated at the TPSSh-5%HF/aVTZ level of theory,
involved in the reaction RuO3 +N2O −−→ RuO4 +N2

Parameter MCR(2) TS(2) MCP(2)

r(N−N) 1.130 1.121 1.098
r(N−O) 1.187 1.262
r(Ru−ON2O) 4.986 2.103
r(Ru−O) 1. 684 1.762-1.688 1.684
r(Ru−N) 4.020
θ(N−N−O) 180 159.4
θ(O−Ru−ON2O) 118.8 113.1-118.1
θ(O−Ru−O) 120.0 108.1 109.3-109.5
νim 572i
ZPE 50.73 49.96 48.62

MCP 

RuO2 + N2O 

ΔH0K (kJ/mol) 

MCR 

TS 
 νim = 590i 

(13.9) 
<S2> = 0.0 

 

(-277.3) 
<S2> = 0.0 

(-42.8) 
<S2> = 0.0 

Potential energy surface of the RuO2 + N2O reaction 

Reaction Coordinate 

CCSD(T)/CBS//TPSSh-5%HF/aVTZ 

(-277.9) 

(0.0) 

RuO3 + N2  

FIG. 1: Reaction coordinate at 0 K of the RuO2 +
N2O −−→ RuO3 +N2 reaction, including ZPE, calculated at
the CCSD(T)/CBS//TPSSh-5%HF/aVTZ level of theory,

displayed along with schematic representations of the
intermediate species involved.

MCP 

RuO3 + N2O 

ΔH0K (kJ/mol) 

MCR 

TS 
 νim = 572i 

(113.9) 
<S2> = 0.0 

 

(-221.5) 
<S2> = 0.0 

(-3.9) 
<S2> = 0.0 

Potential energy surface of the RuO3 + N2O reaction 

Reaction Coordinate 

CCSD(T)/CBS//TPSSh-5%HF/aVTZ 

(-218.7) 

(0.0) 

RuO4 + N2  

FIG. 2: Reaction coordinate at 0 K of the RuO3 +
N2O −−→ RuO4 +N2 reaction, including ZPE, calculated at
the CCSD(T)/CBS//TPSSh-5%HF/aVTZ level of theory,

displayed along with schematic representations of the
intermediate species involved.

our previous work [12]. The value of the RuO2 bond an-
gle decreases to favor a pyramidal structure leading to
the formation of RuO3.
In the TS(2) structure leading to the formation of

RuO4, the elongation of N–O bond distance is only
0.075Å, much closer to the equilibrium reactant struc-
ture than in the previous TS. The bond angles and bond
distances shrink from their equilibrium values, to form
the tetrahedral RuO4 structure. This reaction involves
the creation of the fourth Ru–O bond with a length of
2.101Å, sharing fewer electrons between Ru and ON2O
atoms compared to its counterpart in the previous TS. A
bridge between ORuO3 and NN2O is also observed, mea-
suring 2.258Å, indicating that the formation of RuO4
originates from a large orbital mixing between the reac-
tants.
The connections between TS(2) and both the

RuO2···N2O reactant complex (MCR(1)) and RuO3···N2
product complex (MCP(1)) have been established in both
forward and backward directions via IRC calculations at
the TPSSh-5%HF/aVTZ level of theory. The ionic inter-
action (2.126Å) between ON2O and the Ru atom stabi-
lizes the RuO2 and N2O reactants to form the MCR(1)
complex. In reaction 2, the structure of the MCR in-
volves a very weak interaction of the Van der Waals type
(4.986Å), leaving the bond angles and bond distances
similar to those in RuO3 and N2O reactant species. Such
interactions are also observed in MCP systems for both
reactions, where the Ru–N bond length is equal to 4.527
and 4.020Å, for RuO3···N2 and RuO4···N2 complexes, re-
spectively. The relative enthalpies at 0 K in the reaction
coordinate curve reveal that the reaction between N2O
and RuO2 has to overcome a barrier of about 14 kJ mol−1

to form the N2 and RuO3 products. The MCR(1) is
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TABLE III: Structural parameters (bond lengths r in Å )
imaginary vibrational frequency (cm−1), and ZPE

(kJ mol−1), for the transition state and molecular complexes
calculated at the TPSSh-5%HF/aVTZ level of theory,
involved in the reaction RuO2 +NO2 −−→ RuO3 +NO

Parameters MCR(3) TS(3) MCP(3)

r(N−O) 1.191 1.175 1.145
r(Ru−ONO2 ) 1.316 1.866–1.988
r(Ru−ONO) 1.693
r(Ru−O) 1.648 1.661 1.673–1.847
θ(O−N−O) 124.8 124.7 110.8
θ(O−Ru−ONO2 ) 93.0 72.9
θ(O−Ru−ONO) 114.8
θ(O−Ru−O) 139.7 128.8
νim 477i
ZPE 46.8 39.8 38.2

stabilized by ∼ 43 kJ mol−1 with respect to the reac-
tants. The MCP is similar to the products, and lies only
0.6 kJ mol−1 below the product energy limit.
For the reaction 2 (See Fig. 2), the transition state is

located above reactants with an important vibrationally
adiabatic barrier of about 113.9 kJ mol−1 by compari-
son to the one found for reaction 1a (13.9 kJ mol−1).The
pro- and post-reactive complexes are similar to the re-
actants and products, respectively, differing only by
∼ 4 kJ mol−1.

Reaction coordinates with NO2

We now turn to presenting the reaction coordinates
corresponding to NO2 oxidation. The optimized ge-
ometry parameters for NO (r(N−O) ∼1.154Å) and
NO2 (r(N−O) ∼1.199Å; θ(O–N–O)∼134.2°) are in
good agreement with their experimental counterparts
(r(N−O)∼1.514Å for NO [41]; r(N-O)∼1.193Å; θ(O-N-
O)∼134.1° for NO2 [42]).
The structures of intermediate species involved in the

formation of RuO3 in reaction 3 and relative enthalpies
at 0 K are shown in Fig. 3. For the formation of RuO4,
two reaction mechanisms, noted paths 1 and 2, were ex-
plored and are illustrated in Fig. 4 and Fig. 5, respec-
tively. Path 1 showcases nitrogen oxide forming a bond
with one of ruthenium trioxide. Path 2 investigates Ru
element forming a bond directly with the oxygen of ni-
trogen oxide. The corresponding geometrical parameters
are reported in Tables III, IV, and V.

The investigation of reaction 3 pathway was conducted
by approaching NO2 species to RuO2 oxide. The most
stable potential energy led to an MCR(3) complex adopt-
ing a ring-like structure in which RuO2 and NO2 inter-
act through two symmetric covalent bonds (1.316Å) be-
tween ORuO2−NNO2 , and Ru−ONO2 , forming a termi-
nal nitrate bidentate like structure. However, the N–O

MCP 

RuO2 + NO2  

ΔH0K (kJ/mol) 

MCR 

TS 
 νim = 477i 

(33.8) 
<S2> = 0.75 

 

(-154.1) 
<S2> = 0.75 

(-47.6) 
<S2> = 0.75 

Potential energy surface of the RuO2 + NO2 reaction 

Reaction Coordinate 

CCSD(T)/CBS//TPSSh-5%HF/aVTZ 

(-137.3) 

(0.0) 

RuO3 + NO  

FIG. 3: Reaction coordinate at 0 K calculated at the
CCSD(T)/CBS//TPSSh-5%HF/aVTZ level of theory for
reaction RuO2 +NO2 −−→ RuO3 +NO with schematic
representations of the intermediate species involved.

MCP 

RuO3 + NO2  

ΔH0K (kJ/mol) 

MCR 

TS 
 νim = 150i 

(22.9) 
<S2> = 0.75 

 

(-42.5) 
<S2> = 0.75 

(-3.7) 
<S2> = 0.75 

Potential energy surface of the RuO3 + NO2 reaction – Path 1 

Reaction Coordinate 

CCSD(T)/aVQZ//TPSSh-5%HF/aVTZ 

(-79.5) 

(0.0) 

RuO4 + NO  

TS 
 νim = 662i 

(48.1) 
<S2> = 0.75 

 

(-39.5) 
<S2> = 0.75 

RuO2NO3 

FIG. 4: Reaction coordinate at 0 K calculated at the
CCSD(T)/CBS//TPSSh-5%HF/aVTZ level of theory for
path 1 in reaction RuO3 +NO2 −−→ RuO4 +NO, with
schematic representations of the intermediate species

involved.

bond distance, 1.191Å remains similar to its counter-
parts in nitrogen dioxide (1.199Å). Such observation is
consistent with our previous work [11] which underlined
competitive effects between an increase of oxide bond
lengths and increase of oxide charges (in this case on
O atom) which kept the oxide bonds similar. In addi-
tion, the analysis of spin density of MCR(3) (Fig. S2a of
the ESI) compound shows that the spin density of NO2
is transferred to Ru oxide, acknowledging a chemisorbed
like structure, consistent within Lee et al. work [43],
who observed chemisorbed-like structures for group IV
(MO2)n, M=Ti, Zr, Hf dioxides nanoclusters from DFT
and CCSD(T) calculations. The bond angle θ(O-N-O)
decreases by ca. 9°. These results suggest that the RuO2
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TABLE IV: Structural parameters (bond lengths r in Å), imaginary vibrational frequency (cm−1), and ZPE (kJ mol−1), for
the transition state and molecular complexes calculated at the TPSSh-5%HF/aVTZ level of theory, involved in path 1 for the

reaction RuO3 +NO2 −−→ RuO4 +NO

Parameters MCR(4-P1) TS1(4-P1) RuO2NO3 TS2(4-P1) MCP(4-P1)

r(N−O) 1.197–1.200 1.184–1.188 1.184 1.183 1.125
r(Ru−ONO2 ) 4.008 3.523 2.109 1.910
r(Ru−O) 1.687 1.686 -1.727 1.689 1.693 1.694–1.735
r(N−ORuO3 ) 2.893 2.13 1.134 1.402–1.483
r(N−ORuO4 ) 2.198
θ(O−N−O) 134.7 137.6 124.2 125.3
θ(O−Ru−ONO2 ) 104.0 103.8 62.3 70.9
θ(ORuO4−N−ORuO4 ) 71.7
θ(O−Ru−O) 119.8–120.3 117.9–123.4 102.6–124.8 109.7–120.9 95.7–115.7
νim 150i 662i
ZPE 44.6 47.2 54.2 48.0

TABLE V: Structural parameters (bond lengths r are Å) imaginary vibrational frequency (cm−1), and ZPE (kJ mol−1), for
the transition states and molecular complexes calculated at the TPSSh-5%HF/aVTZ level of theory, involved in path 2 for

the reaction RuO3 +NO2 −−→ RuO4 +NO

Parameters MCR(4-P2) TS1(4-P2) RuO3NO2 TS2(4-P2) MCP(4-P2)

r(N−O) 1.178-1.421 1.204-1.313 1.133 1.126 1.137
r(Ru−ONO2 ) 1.931 2.028 1.843
r(ORuO4−NNO) 1.668 1.796 2.358
r(Ru−O) 1.688-1.725 1.685-1.723 1.692-1.733 1.693-1.728 1.696-1.711
θ(O−N−O) 114.8 114.5 115.0
θ(O−Ru−ONO2 ) 109.3 115.9 100.6
θ(Ru−O−NNO) 123.9 119.7 114.9
θ(O−Ru−O) 109.7-121.5 108.9-120.9 108.0-120.1 107.7-116.7 106.7-110.7
νim 209i 229i
ZPE 47.1 47.5 47.4 45.6 46.2

RuO3NO2 

MCP 

RuO3 + NO2  

ΔH0K (kJ/mol) 

MCR 

TS 
 νim = 209i 

(-39.2) 
<S2> = 0.75 

 

(-72.4) 
<S2> = 0.75 

(-58.5) 
<S2> = 
0.75 

Potential energy surface of the RuO3 + NO2 reaction – Path 2 

Reaction Coordinate 

CCSD(T)/CBS//TPSSh-5%HF/aVTZ (-79.5) 

(0.0) 

RuO4 + NO  

TS 
 νim = 229i 

(-46.5) 
<S2> = 0.75 

 

(-51.6) 
<S2> = 0.75 

FIG. 5: Reaction coordinate at 0 K calculated at the
CCSD(T)/CBS//TPSSh-5%HF/aVTZ level of theory for
path 2 in reaction RuO3 +NO2 −−→ RuO4 +NO, with
schematic representations of the intermediate species

involved.

electrons are the ones mostly involved in these two sym-
metric bonds in this complex; this is confirmed by the

fact that the Ru–O bond lengths are shorter, 1.648Å,
and the θ(O−Ru−O) bond angle is more acute, 140.2°,
than in the RuO2 molecule.
The MCP associated with the formation of RuO3

presents a Ru–O bond lengths lying between 1.692 and
1.847Å, and a θ(O-Ru-O) bond angle of 128.8°, slightly
larger than those found in RuO3 product. On the con-
trary, the N–O bond length 0.368Å shorter than the NO
equilibrium distance. These geometrical changes are in-
duced by the highly covalent bond between ORuO3 and
N atoms with a length of 1.693Å, that stabilizes RuO3
and NO within MCP species. The analysis of the spin
density reflected a chemisorbed like structure (Fig.S2b of
the ESI), within a monodentate NO2 terminal, similar
to the formed (MO2)NO2 chemisorbed species in Lee et
al.’s work [43].
The TS(3) connecting the MCR and MCP was found

with an imaginary frequency of 477i cm−1, within a ter-
minal nitrate bidentate like structure. The pro and post-
reactants are found energetically more stable than the
associated reactants and products, as shown in Fig. 3:
the MCR complex lies ∼ 48 kJ mol−1 below the reac-
tants, while the MCP one is ∼ 17 kJ mol−1 below the
products. This confirms that the identified TS(3) is
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the transient species leading to the formation of RuO3
and NO species from the reaction between RuO2 and
NO2 compounds. However, the TS barrier is larger
by about 20 kJ mol−1 than the one in reaction 1, with
N2O species. This implies that this reaction will be en-
ergetically less favorable at 0 K. This finding is com-
forted by (N−O)N2O and (N−O)NO2 binding energies of
−167.63 and −306.3 kJ mol−1, respectively, obtained us-
ing ∆rE(0 K) of NO2 –– NO+O and N2O = N2 +O, re-
spectively, computed from the NIST standard values [41].

For the formation of RuO4 in reaction 4, the two reac-
tions paths explored both involve two-step mechanisms.
In the reaction path 1, the connection of MCR(4-P1)
to intermediate RuO2NO3 species by TS1(4-P1) corre-
sponds to the formation of a ring-like structure between
N, ONO2 , Ru, and ORuO3 atoms. The molecular complex
RuO2NO3, which involves a nitrogen trioxide combined
with a ruthenium dioxide, reveals geometric parameters
for N–O bond length (1.198Å) and O-N-O bond angle
(132.2°), smaller than their counterparts in NO3 (1.238Å
and 120°, respectively [42]), and closer to those featured
in NO2. The analysis of the MCR(4-P1) spin density
reveals a physisorbed-like structure (See Fig.S3a of the
ESI), with the spin density localized on NO2, unlike the
intermediate species RuO2NO3 (See Fig S3b of the ESI)
in which the NO2 transfers its spin density to the Ru-
oxide and binds to it in a monodentate fashion. A simi-
lar result was found for adsorbed NO2 species onto MO3
trioxide clusters, with M=Cr and Mo [43]. Although
the MCP(4-P1) portrayed a physisorbed like structure,
within a terminal monodentate NO2 structure (Fig.S4c),
and a spin density localized onto the Ru metal oxide.

In reaction path 2, the TS1(4-P2) ensures the bond-
ing between ONO2 and the Ru metallic center of RuO3,
to form the intermediate species RuO3NO2. The latter
complex exhibits Ru-O and N-O bond lengths slightly
longer to those computed in RuO3 and NO2. In MCR(4-
P2), the spin density (See Fig. S4a of the ESI) is localized
on the Ru-O unit, differing from the physisorbed molec-
ular reactant species of path-1. This chemisorbed char-
acter could explain that this reactive molecular complex
species lies 58.5 kJ mol−1 below the reactant fragments,
as well as the TS1(4-P2) barrier, which is the highest
barrier in reaction path 2, but above the MCR(4-P2) by
19.3 kJ mol−1. This transition state leads to the forma-
tion of the intermediate chemisorbed species RuO3NO2
(Fig.S4b), within a terminal monodentate NO2 structure,
slightly higher in energy than the MCR(4-P2).

For the second step of the reaction mechanism, the
breaking of the symmetric bonds between ORuO3 –N,
and Ru–ONO2 , the shrinkage of Ru–O bonds, and fi-
nally the elongation of Ru–N bond distance, is ensured
by TS2(4-P2), to form the RuO4···NO product complex.
This MCP species portrayed a physisorbed like shape,
as the spin density is localized on NO2 (See Fig. S4c of
the ESI). In addition, the MCP(4-P2) species has θ(O-

Ru-O )(∼108.7°) and r(Ru−O)(∼1.702Å) values close to
those of the RuO4 product. This MCP is geometrically
different from the one identified for the path 1 (MCP(4-
P1)), which had larger θ(O-Ru-O)(∼105.7°) and r(Ru-
O)(∼1.714Å) values. These geometrical characteristics
are corroborated by the computed relative energies at
0 K of the MCPs, that lie 37 and 7.1 kJ mol−1 above the
products for MCP(4-P1) and MCP(4-P2), respectively.
It should be noticed that the MCP(4-P2) relative en-
ergy of -72.4 kJ mol−1 is in the range of calculated ad-
sorption enthalpies from Lee et al.’s work [43] for group
VI metal trioxide nanoclusters (from -206.8 kJ mol−1

((CriO3)NO2, terminal bidentate nitrate like structure)
to -70.3 kJ mol−1((CriO3)NO2, terminal bidentate NO2
like structure), comforting the appropriateness of pro-
posed reaction pathway. In addition, the highest TS2(4-
P1) barrier has a relative energy with respect to the re-
actants equal to 48.1 kJ mol−1, twice as small as those
determined in reaction (2).
In conclusion, the reaction (4) path 2 is the most ener-

getically favorable one to form RuO4, in contrast to the
thermodynamic calculations of the reaction Gibbs free
energies [13], which suggested that the reaction with ni-
trous oxide should be more spontaneous than the one
with nitrogen oxide. The kinetic parameters of these re-
action pathways are investigated in following section.

Kinetic Parameters

The calculations of the temperature dependence
of the rate constants have been performed at the
CCSD(T)/CBS//TPSSh-5%HF/aVTZ for the reactions
with N2O and NO2, whose values are reported in Ta-
ble VI. For the formation of RuO4 by NO2 oxidation of
RuO3, we considered that the formation of the molecular
complex reactant will be the most limiting step, espe-
cially with increasing temperature. However, in our tem-
perature range of interest it is likely that the MCR will
be formed thus we approximate RuO4 as a fast reaction.
The rate constants for N2O and NO2 oxidation processes
were fitted with the Arrhenius equation:

k(T ) = B × Tn exp(−Ea/RT ), (6)

where R is the gas constant and T is the temperature.
The Arrhenius parameters are the activation energy Ea,
the pre-exponential factor, B, and unit less n. The Ar-
rhenius parameters adjusted to eq. 6 are given in Ta-
ble VII. The computed rate constants related to the for-
mation of RuO3 through the oxidation of RuO2 by N2O,
range from 10−16 at 250 K to 10−12 cm3 molecule−1 s−1 at
1500 K. The oxidation of RuO2 by NO2 shows a similar
temperature behavior, with values varying from 10−22 to
10−15 cm3 molecule−1 s−1. These two sets of results indi-
cated that the mechanism involving the nitrogen dioxide
is slightly slower than the one with the nitrous oxide,
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TABLE VI: Rate constants in cm3 molecule−1 s−1, calculated at the CCSD(T)/CBS//TPSSh-5%HF/aVTZ level of
theory.

Reactions Temperature (K)
250 300 400 600 800 1000 1300 1500

Formation of RuO3
RuO2 +N2O −−→ RuO3 +N2 3.50× 10−16 1.08× 10−15 5.30× 10−15 3.75× 10−14 1.29× 10−13 3.12× 10−13 8.28× 10−13 1.37× 10−12

RuO2 +NO2 −−→ RuO3 +NO 2.22× 10−22 3.53× 10−21 6.20× 10−20 6.79× 10−18 6.40× 10−17 2.88× 10−16 1.38× 10−15 3.00× 10−15

Formation of RuO4
RuO3 +N2O −−→ RuO4 +N2 1.07× 10−37 8.86× 10−34 8.16× 10−29 1.05× 10−23 4.77× 10−21 2.16× 10−19 8.48× 10−18 4.65× 10−17

confirming the reactions coordinates curves depicted in
Fig. 3, reflecting the fact that the TS barrier is larger by
∼20 kJ mol−1 in reaction 3 than in reaction 1.

The reaction process involving the oxidation of RuO3
by N2O (reaction 2) appears quite slow at our tempera-
ture scale, with rate constant values varying from 10−37

at 250 K to 10−17 cm3 molecule−1 s−1 at 1500 K. These
values are consistent with the TS barrier displayed in
Fig. 2, and emphasizing the fact that the reaction 4 in-
volving nitrous oxide, path 2, is the more likely pathway
to form RuO4, the kinetically limiting step might only
reside from the MCR complex to overcome the TS1 bar-
rier, as the MCR complex lies energetically below the
reactants at 0K.

Theoretical Results Compared to Experimental Tests

We can now discuss our theoretical results in the light
of experimental data. In the framework of the VTT pro-
gram [17, 44], previously described in the introduction,
the ruthenium transport under humid atmospheres, and
humid atmospheres with air radiolysis products precur-
sors, with different temperature gradients was studied.
Table VIII summarizes the results reported in Kajan’s
thesis [17].

With an atmosphere containing 50 ppmV of NO2, the
transport of ruthenium tetroxide increased by 92% at
1300 K and 42% at 1500 K, by comparison to humid air
atmospheres. The increase of RuO4 fractions was at-
tributed to the reaction between NO2 and RuO3, as ex-
pressed:

RuO3 + NO2 −−→ RuO4 + NO. (7)

The equilibrium constants Keq calculated by Kajan et
al. [17] were derived using HSC 5.11 chemistry soft-
ware [45], equal to 28.55, 16.85 and 11.3 at 1300, 1500
and 1700 K, respectively.

Our equilibrium constants obtained from the kinetic
reactions rate constants calculations appeared in good
agreement with the ones derived from Kajan work’s,
though they come out slightly lower, 23.64, 9.37 and 4.66
at 1300, 1500 and 1700 K, respectively. These differences

could be explained by the small deviations at higher tem-
peratures of our derived thermodynamic properties for
Ru oxides, as discussed in our previous work [12]. The
decreasing amount of detected gaseous fraction of Ru as
temperature increases can be attributed to the decom-
position of NO2 with temperature [46, 47]. This is fully
supported by the free-energy calculations obtained for
the formation of RuO4 through nitrogen oxidation that
shows higher values when temperature increases. At this
stage, it is not clear how the decrease of aerosol formation
is linked to the reaction of nitrogen oxide to form RuO4.
Such aspects are investigated through the study of the
nucleation process of Ru dimer in a parallel work [48].
With an atmosphere containing 50 ppmV of N2O,

the experimental tests showcased a similar production
of RuO4 gaseous fraction in comparison to pure humid air
atmosphere, along with a slight increase as the temper-
atures rise. These observations are also consistent with
our quantum chemical data, as the reaction barrier in
the oxidation process of RuO3 by N2O to form RuO4 is
large.

Altogether, this discussion leads us to conclude that
the calculated kinetic rates for the formation of RuO4
in air radiolysis products atmospheres are fully consis-
tent with experimental observations, even if some other
phenomena can play a role like surface interactions.

CONCLUSIONS

The mechanisms and kinetics of the chemical reactions
leading to the formation of RuO3 and RuO4 gaseous
species under severe accident (SA) conditions of a nu-
clear power plant (NPP) were elucidated by state-of-the
art quantum chemical approaches. An in-depth investi-
gation of the reaction pathways involving two air radi-
olysis products N2O and NO2 to form RuO4 and RuO3,
following experimental observations, was conducted. The
coupled-cluster theory was then employed to compute the
potential energies. The transition states obtained for the
formation of RuO4 from NO2 oxidation appeared ener-
getically lower than the reactants.

The derivation of the related kinetic rates to
form RuO4 through the nitroxide species revealed that
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TABLE VII: Arrhenius parameters calculated over the temperature range 250–2500 K from energy profiles
calculated at the CCSD(T)/CBS//TPSSh-5%HF/aVTZ level of theory.

B n Ea k(298 K)
(cm3 molecule−1 s−1) (kJ mol−1) (cm3 molecule−1 s−1)

Formation of RuO3
RuO2 +N2O −−→ RuO3 +N2 2.21× 10−21 2.85 8.0 9.79× 10−16

RuO2 +NO2 −−→ RuO3 +NO 4.01× 10−24 3.09 27.1 3.22× 10−21

Formation of RuO4
RuO3 +N2O −−→ RuO4 +N2 5.23× 10−22 2.72 106.4 6.14× 10−34

TABLE VIII: Measurement of transported Ru fraction in function of carrier gas and temperature in VTT tests [17].
The model primary circuit is made of either stainless steel tube or alumina tube samples. The temperature

gradients range from 1300, 1500 and 1700 K down to ca. 300 K

Atmosphere (T ) Ru released rate Transported RuO2(s) Transported RuO4(g)
(mg min−1) (% Ru released) (% Ru released)

Humid Air (1300 K) 0.3± 0.0 9.1± 0.5 0.0± 0.0
Humid Air (1500 K) 3.2± 0.2 12.8± 0.6 0.0± 0.0
Humid Air (1700 K) 20.3± 1.0 14.3± 0.7 0.0± 0.0

Humid Air + NO2 (1300 K) 0.3± 0.0 0.0± 0.0 13.9± 0.7
Humid Air + NO2 (1500 K) 3.2± 0.2 4.0± 0.2 9.9± 0.5
Humid Air + NO2 (1700 K) 20.3± 1.0 20.2± 1.0 0.0± 0.0

Humid Air + N2O (1300 K) 0.3± 0.0 6.0± 0.3 0.1± 0.0
Humid Air + N2O (1500 K) 3.2± 0.3 25.4± 1.7 0.1± 0.0
Humid Air + N2O (1700 K) 20.3± 1.0 15.5± 0.8a 0.0± 0.0a

ameasured for T = 1570 K

nitrogen oxide process is a faster mechanism than the one
involving nitrous oxide, thus contrasting the thermody-
namic predictions. These results are consistent with the
experimental observations and measurements acquired
by the VTT program, which concluded to an increase of
transported Ru gaseous fraction in humid atmospheres
with air radiolysis precursors.
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Figure S1: Gibbs energies of reaction curves of Ru oxides reactivity within N2O and NO2

species

Table S1: Cartesian coordinates, rotational constant, zero point energy correc-
tions (ZPE), point group, symmetry number and frequencies (ω) of reactants
and products.

Properties RuO2 (1A) RuO3 (1A) RuO4 (1A)

 ZPE (kJ/mol) 12.73 21.28 33.46
		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

108.0097558						5.9832979						5.6692450 7.4072384						7.4072384						3.7036192 4.1428122						4.1428122						4.1428122
Full Point Group C2V D3H Td

Symmetry number 4 12 24
COORDINATES 		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

O 0.000000				0.000000				0.000000 0.976394				0.976394				0.976394
Ru 0.000000				0.000000				0.116903 0.000000				1.686335				0.000000 0.000000				0.000000				0.000000
O 0.000000				1.624921			-0.321483 1.460409			-0.843167				0.000000 -0.976394			-0.976394				0.976394
O 0.000000			-1.624921			-0.321483 -1.460409			-0.843167				0.000000 -0.976394				0.976394			-0.976394
O 0.976394			-0.976394			-0.976394

191.6001															962.6781															972.3287 66.2133															299.4090															299.4108 329.4897															329.4897															352.8578
962.6525															962.6542															964.6298 	352.8578															352.8578															952.782

	974.7355															974.7355															974.7355

Rotational constants (GHZ)

ωe, cm-1

Properties NO2 (2A1) NO (2 Σ) N2O (1Σ ) N2 (1Σg )

 ZPE (kJ/mol) 22.45 11.47 28.77 14.31
		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

237.9974209					12.9477411					12.2796908 0.0000000					50.9464437					50.9464437 0.0000000					12.6296066					12.6296066 0.0000000					59.9838011					59.9838011
Full Point Group C2V C1 C*v D*h

Symmetry number 4 1 4 8
COORDINATES 		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

N 0.000000				0.000000			-0.071636 0.000000				0.000000				0.548485
O 	0.000000				1.104602			-0.142109
N 0.000000			-1.104602			-0.142109 0.000000				0.000000			-0.614743 0.000000				0.000000			-1.199636 0.000000				0.000000				-0.548485
O 	0.000000				0.000000				0.324820 0.000000				0.000000			0.537900 0.000000				0.000000				1.112364

750.8319														1350.6832														1652.2626 1917.78 602.8360																					602.8360														1308.3437 2392.94
2296.36

Rotational constants (GHZ)

ωe, cm-1
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Table S2: Cartesian coordinates, rotational constant, zero point energy correc-
tions (ZPE), point group, symmetry number and frequencies (ω) of intermediates
complexes in the reaction (1) RuO2 +N2O −−−→ RuO3 +N2

Properties MCR(1) TS (1) MCP(1)

 ZPE (kJ/mol) 43.94 37.65 36.18
		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

5.1297070						1.5161829						1.2821402 5.9809808						1.3966668						1.1766445 4.5828832						0.8077300						0.7755076
Full Point Group C1 C1 C1

Symmetry number 1 1 1
COORDINATES 		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

O 1.176175				1.577971			-0.208059 1.281787				1.542156			-0.171247 0.266574				1.447628				0.712655
Ru 0.647602			-0.000047				0.007961 0.653985			-0.000002				0.018027 0.821082				0.000086				0.052381
O 1.175012			-1.578527			-0.207531 1.281754			-1.542162			-0.171336 1.910688				0.023576			-1.232669
O -1.288350				0.000726				0.872462 -1.184156			-0.000002				0.618028 0.293349			-1.470941				0.681997
N -2.185310				0.000247				0.040244 -2.281084				0.000019			-0.170186 -3.448605			-0.00334			-0.328855
N -3.100000			-0.000145			-0.612423 -3.406118				0.000000			-0.257920 -4.536038				0.002499			-0.185519

46.4335																60.8045															135.9801 		i590.0716																53.1052															105.0999 9.7277																	11.3050																14.6701
					198.0938															237.3583															278.0440							 		180.1901															245.1330															275.4357 		27.1644																	31.7603																74.1334						

518.1889															552.8043															955.645				 			374.5826															420.0309															656.8689 299.9844															300.3471															962.0911
986.0903														1127.8936														2248.4029 				963.0379															986.6513														2034.3637 962.1891																964.0729														2392.3267

Rotational constants (GHZ)

ωe, cm-1

Table S3: Cartesian coordinates, rotational constant, zero point energy correc-
tions (ZPE), point group, symmetry number and frequencies (ω) of intermediates
complexes in the reaction (2) RuO3 +N2O −−−→ RuO4 +N2

Properties MCR (2) TS (2) MCP (2)

 ZPE (kJ/mol) 50.73 49.96 48.62
		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

4.6606935						0.5272251						0.5124401 4.5094315						1.2883910						1.1932432 4.1462380						0.8012075						0.8012060
Full Point Group C1 C1 C1

Symmetry number 1 1 1
COORDINATES 		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

O -2.077751			-1.447406				0.081334 -1.730201				1.191582			-0.502419 -2.399824				0.006821			-0.001810
Ru -1.222062			-0.000131			-0.018906 -0.631037			-0.002725			-0.035775 -0.710126				0.000055			-0.000024
O 0.454026			-0.022183			-0.199432 -1.237449			-1.498666				0.456301 -0.143324				1.525341			-0.454124
O -2.041450				1.469189				0.061947 1.231654			-0.522109			-0.863505 -0.153057			-0.372177				1.550811
N 3.786327			-0.000212			-0.013338 2.174776			-0.057830			-0.165012 3.311796			-0.002784				0.001148
N 3.944403			-0.010339			-1.131918 3.217841				0.215200				0.141581 4.408568				0.002171			-0.000901
O 3.622126				0.010353				1.162235 0.488162				0.706482				1.126890 -0.153419			-1.159753			-1.094963

5.1034																	9.5575																12.2012 	i572.7340																73.7574															135.1986 10.1784																14.4004																29.4317
	25.8735																43.9646																82.1165 			172.2392															222.7866															269.9064 45.0546																45.4828															330.6914
299.3357															300.4401															602.4362 		293.8226															358.2030															482.2226 	330.8559															353.4842															354.8703

				603.4794																	961.1501															963.0181											573.3981															810.8662															885.4292 354.9362															950.0959															971.5989
964.9427											1308.7591														2298.3460 				938.0239															942.6752														2194.1663 	972.3110															972.3514														2393.2102

Rotational constants (GHZ)

ωe, cm-1
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Table S4: Cartesian coordinates, rotational constant, zero point energy correc-
tions (ZPE), point group, symmetry number and frequencies (ω) of intermediates
complexes in the reaction (3) RuO2 +NO2 −−−→ RuO3 +NO

Properties MCR (3) TS (3) MCP (3)

 ZPE (kJ/mol) 46.82 39.78 38.21
		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

12.1247530						1.4050487						1.2867721 10.5644333						1.5096537						1.3601817 5.9117491						1.3365820						1.1500726
Full Point Group C1 C1

Symmetry number 1 1
COORDINATES 		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

O 2.935606			-0.005089				0.012196 2.857601			-0.016436			-0.205770 3.287999				0.000071				0.018507
N 1.747156			-0.001991				0.093568 1.782548			-0.049026				0.266331 2.254462			-0.000081				0.511212
O 0.992632			-1.080686				0.097267 0.924918			-1.101091				0.169973 1.115294			-0.000136			-0.577604
Ru -0.751688				0.003184			-0.123102 -0.688071				0.024759			-0.123198 -0.681606				0.000008			-0.080058
O 0.997828				1.080912				0.103308 0.734797				1.183769				0.214846 -1.313479				1.514834				0.276031
O -2.320544			-0.010906				0.382418 -2.292655			-0.159520				0.265502 -1.313632			-1.514741				0.276075

103.2030															122.8006															171.3540 	i477.1376															107.9314															163.6946 50.4747															104.4357															107.0845
341.4383															367.0201															638.2001 			209.5668															303.5702															429.5794 224.6151															225.7755															270.4422
716.0601															750.6165															922.9649 		551.3521															668.4614															755.6998 343.0228															518.8752															791.6028
982.2243														1088.3080														1622.6906 		858.1584															964.7844														1637.5644 955.928															977.4133														1818.5923

Rotational constants (GHZ)

ωe, cm-1

Table S5: Cartesian coordinates, rotational constant, zero point energy correc-
tions (ZPE), point group, symmetry number and frequencies (ω) of intermediates
complexes in the reaction (4) RuO3 +NO2 −−−→ RuO4 +NO, reaction path 1

Properties MCR (4-P1) TS1  (4-P1) MCP1  (4-P1)

 ZPE (kJ/mol) 44.60 47.24 53.15
		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

4.6244958						0.4907772						0.4763704 4.1110252						0.8753627						0.8486907 4.1933030						1.1058445						1.0370194
Full Point Group C1 C1 C1

Symmetry number 1 1 1
COORDINATES 		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

O 2.227767				1.402889			-0.015836 1.590395				1.484945				0.362296 1.397496				1.536232				0.292272
Ru 1.293919			-0.000626			-0.000652 0.944430				0.000005			-0.107691 0.862346			-0.000740			-0.120983
O -0.390159				0.106043			-0.007680 -0.582562			-0.00002			-0.91454 -0.883986			-0.003585			-0.836214
O 2.043702			-1.510287				0.022653 1.590469			-1.484920				0.362244 1.395960			-1.534744				0.305205
N -3.762405				0.320465			-0.006566 -2.450455			-0.000026				0.125042 -2.048148				0.001061				0.105676
O -3.85663			-0.165176			-1.099835 -3.364372				0.000043			-0.628906 -3.098695			-0.005262			-0.46315
O -3.849133			-0.110434				1.110028 -2.284144			-0.000054				1.301795 -1.761548				0.010502				1.274826

7.4485																	8.2264																	9.7245 	i150.9221																32.6407																57.5459 67.1536																84.1349																86.9353
25.0685																37.8068																53.0252 			62.8187															135.4425															231.5574 137.1682															244.0293															271.9447
81.0845															298.0720															299.4307 			261.9617															293.2727															322.2995 382.5503															468.3788															673.2463
749.7321															962.3188															964.4556 				717.9817															783.0545															955.1125 	734.5048															797.5590															969.0069
965.5071														1346.5539														1648.1523 			961.6475														1309.7889														1772.9950 	974.7986														1284.6279														1709.4752

Rotational constants (GHZ)

ωe, cm-1
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Table S6: Cartesian coordinates, rotational constant, zero point energy correc-
tions (ZPE), point group, symmetry number and frequencies (ω) of intermediates
complexes in the reaction (4) RuO3 +NO2 −−−→ RuO4 +NO, reaction path 1

Properties RuO2NO3 (4-P1) TS2 (4-P1) MCP  (4-P1)

 ZPE (kJ/mol) 54.16 48.00 48.32
		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

4.7439577						1.3016302						1.1812363 4.5756841						1.3969871						1.2845363 4.0632015						1.2885707						1.2304325
Full Point Group C1 C1 C1

Symmetry number 1 1 1
COORDINATES 		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

O -1.020173				1.622270			-0.339646 1.314760				1.563326				0.046565 1.264987				1.570622			-0.000742
Ru -0.716661			-0.016481			-0.012721 0.631369				0.015837				0.034445 0.588006				0.016582				0.000022
O -1.850655			-1.197442				0.317747 1.604388			-1.351952			-0.187505 1.692354			-1.268250			-0.004887
O 1.144989				0.420638				1.005679 -0.910537				0.000112			-1.087939 -0.567995			-0.154289			-1.283269
N 1.836528			-0.086010				0.039374 -1.838889			-0.21623			-0.05441 -2.308117			-0.498049				0.001044
O 1.038430			-0.546600			-0.928785 -0.923399			-0.302036				1.109564 -0.559784			-0.156771				1.289184
O 3.022080			-0.132962			-0.019484 -2.948712				0.192645			-0.022523 -3.043994				0.353277			-0.001320

33.0293															118.7055															156.040 		i662.3057																92.3427															175.3793 70.2301															100.8289															109.6790
190.7915															248.7800															260.5949 		209.3750															217.0923															274.2974 268.4877															273.6359															302.2596
	329.2293															627.6227															745.7320, 			365.2066															474.8314															505.7320 311.5653															342.8103															353.3526
770.7360															902.6134															921.8177 	605.2259															763.4506															880.7784 399.8743															833.9337															857.0257
	978.5479														1126.9111														1644.0542 			928.3934															945.4573														1587.9404 	951.1469															962.6116														1940.7372

Rotational constants (GHZ)

ωe, cm-1

Table S7: Cartesian coordinates, rotational constant, zero point energy correc-
tions (ZPE), point group, symmetry number and frequencies (ω) of intermediates
complexes in the reaction (4) RuO3 +NO2 −−−→ RuO4 +NO, reaction path 2

Properties MCR (4-P2) TS1  (4-P2) MCP1  (4-P2)

 ZPE (kJ/mol) 52.17 47.51 47.12
		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

3.1897811						1.9653313						1.6809660 3.3226968						1.7135198						1.5555175 3.3767902						1.5714234						1.5201628
Full Point Group C1 C1 C1

Symmetry number 1 1 1
COORDINATES

O 0.403810				0.000134				1.697715 0.359829				0.512360			-1.622831 -0.490762			-0.920366			-1.459263
Ru 0.424408			-0.000006			-0.032719 0.482317				0.040684				0.028696 -0.479087			-0.072352				0.000587
O 1.097495				1.445311			-0.572515 1.628618			-1.192603				0.161477 -1.661762				1.182711			-0.046640
O 1.097549			-1.445361			-0.572347 0.545003				1.393756				1.031210 -0.553781			-0.871274				1.485837
O -1.499206			-1.033113			-0.124427 -2.098768				0.676576			-0.084511 2.306062			-0.625735				0.005218
N -2.211077			-0.000016			-0.141739 -2.243018			-0.506055				0.095244 2.306671				0.552370				0.006089
O -1.499197				1.033077			-0.124447 -1.124785			-1.171051				0.273490 1.016883				1.149275				0.006292

112.2220															167.3905															195.6424 	i209.4966																83.4630															114.7351 60.3839															101.3216															119.4237
278.1602															310.6052															318.8845 			151.0212															215.6688															257.5361 162.6363															255.0706															274.9627
319.0243															331.3265															454.3623 			311.8179															351.8017															431.7187 297.9400															351.7756															414.6997
868.1649															900.0689															966.3090 		854.8886															867.5116															895.9454 594.4574															808.5766															883.5150
968.9186														1263.5710														1266.9160 		936.7404															957.5014														1513.1125 953.8799															954.9926														1643.9051

Rotational constants (GHZ)

ωe, cm-1
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Table S8: Cartesian coordinates, rotational constant, zero point energy correc-
tions (ZPE), point group, symmetry number and frequencies (ω) of intermediates
complexes in the reaction (4) RuO3 +NO2 −−−→ RuO4 +NO, reaction path 2

Properties RuO3NO2  (4-P2) TS2  (4-P2) MCP  (4-P2)

 ZPE (kJ/mol) 47.37 45.61 46.19
		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

3.6744207						1.3620384						1.3494825 3.7315446						1.3562570						1.3505825 3.8616711						1.2054800						1.181650
Full Point Group C1 C1 C1

Symmetry number 1 1 1
COORDINATES 		X																									Y																			Z 		X																									Y																			Z 		X																									Y																			Z

O 2.621047			-0.421921				0.32149 2.622207			-0.478191				0.207961 	2.855119				0.524763				0.020547
Ru -0.565193			-0.003139			-0.009998 	-0.554381			-0.004967			-0.006087 		-0.568135				0.002717				0.000238
O 0.902222				0.764956			-0.817953 0.813932				0.914497			-0.738018 0.563461			-1.280915			-0.008644
O -1.500292				1.222213				0.693215 	0.279298			-1.060749				1.078813 			0.324837				1.446432			-0.116467
O 0.198873			-0.888642				1.269538 -1.336133			-0.867055			-1.236135 		-1.625903			-0.138219			-1.318681
N 2.477732				0.477794			-0.351613 2.499426				0.551009			-0.234010 2.824600			-0.610979			-0.020554
O -1.281306			-1.077412			-1.103642 -1.517205				1.036681				0.925617 				-1.464294			-0.032398				1.439918

52.3420															107.7214															155.0084 	i229.8606																73.5887															117.6528 24.2557																63.2794																85.7601
181.5202															243.1397															282.7730 	151.7777															215.6089															258.3733 108.9471															231.0012															281.7769
298.2996															318.0359															329.7275 	304.1770															307.1450															336.7765 319.1218															325.1197															335.4788
613.5139															693.2790															872.3389 		554.7772															672.8292															857.2355 358.5059															880.9960															932.4629
	943.0209															953.2572														1875.9435 	938.2707															954.8374														1882.7888 954.5541															960.2445														1860.4660

Rotational constants (GHZ)

ωe, cm-1

(a) (b)

Figure S2: MCR(3) (a) and MCP(3) (b) with spin density. Red atom = O, blue atom = N,
green atom = Ru, blue spin density =α , and red spin density = β.

(a) (b) (c)

Figure S3: MCR(4-P1) (a), intermediate species RuO2NO3 (b) and MCR(4-P1) (c) with
spin density. See Fig. S2 for color legend.
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(a) (b) (c)

Figure S4: MCR(4-P2) (a), intermediate species RuO3NO2 (b) and MCR(4-P2) (c) with
spin density. See Fig. S2 for color legend.
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