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Abstract: In this work, we studied the main decomposition reactions on the ground
state of nitromethane (CH3NO,) with the CASPT2 approach. The energetics of the main
elementary reactions of the title molecule have been analyzed on the basis of Gibbs free
energies obtained from standard expressions of statistical thermodynamics. In addition,
we describe a mapping method (orthogonalized 3D representation) for the potential energy
surfaces (PESs) by defining an orthonormal basis consisting of two R" orthonormal vectors
(n, internal degrees of freedom) that allows us to obtain a set of ordered points in the
plane (vector subspace) spanned by such a basis. Geometries and harmonic frequencies
of all species and orthogonalized 3D representations of the PESs have been computed
with the CASPT2 approach. It is found that all of the analyzed kinetically controlled
reactions of nitromethane are endergonic. For such a class of reactions, the dissociation of
nitromethane into CH3 and NO; is the process with the lower activation energy barrier
(AG); that is, the C-N bond cleavage is the most favorable process. In contrast, there exists
a dynamically controlled process that evolves through a roaming reaction mechanism and
is an exergonic reaction at high temperatures: CH3;NO, — [CH3 "NO,]* — [CH3ONOJ*
— CH30 + NO. The above assertions are supported by CASPT2 mappings of the potential
energy surfaces (PESs) and classical trajectories obtained by “on-the fly” CASSCF molecular
dynamics calculations.

Keywords: CASSCF; CASPT2; nitromethane; exergonic decomposition

1. Introduction

Nitro compounds are a class of molecules that play important roles in several areas
and applications, such as atmospheric chemistry, explosives, propellants, or fuels [1-3].
For this reason, the thermal and photochemical decompositions of the simplest organic
nitro compound [nitromethane (CH3NO,)] have been extensively studied both theoreti-
cally [4-20] and experimentally [18-24], due precisely to its molecular simplicity and the
applications above mentioned. There is consensus in the literature that the weakest bond
in the molecule is C-N [6]. However, in spite of the structural simplicity of nitromethane, it
is not clear what is the initial reaction or the key reaction step that occurs in the chemically
simplest decomposition processes, for example, when it acts as an explosive without the
intervention of an external reactant, or when it is decomposed in IRMPD experiments
where the thermal chemistry occurs in collision-free conditions [21].
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The detonation of an energetic material is a process that occurs under the stimuli of an
external action that leads to a local chemical reaction, releasing an enormous amount of
energy which is transformed in the internal energy of the material with the consequent local
increasing of the temperature and pressure [14]. According to the definition of detonation,
the initial local reaction is expected to be an elementary unimolecular process. Thus, in
this context, detonation of CH3zNO; acting as energetic material remains a major puzzle
because all of the elementary reactions of this molecule are highly endothermic (vide infra).
In this work, we propose an elementary reaction that leads to an exergonic decomposition
process at high temperatures that passes through the nitro—nitrite isomerization channel
via a roaming reaction and ends with the dissociation of cis-methyl nitrite into CH3O
and NO. The roaming mechanism of nitromethane has been previously studied by other
authors [7-9]; therefore, we assume, as a starting hypothesis, that this process takes place in
the decomposition mechanism. For the sake of completeness, all of the elementary reactions
of nitromethane decomposition have been studied with the CASPT2 approximation.

A roaming reaction is a class of unimolecular reaction that was reported relatively
recently [25]. Roaming reactions occur at the near-dissociation limit of the molecule where
radical products are almost formed; that is, when the fragments are separated to 34 A, then
roaming reorientation of the fragments becomes feasible, as the kinetic energy is low and,
consequently, the angular forces may be comparable to the radial forces; in other words,
roaming rotation of the fragments is almost a free energy process. This effect may allow the
system to access a distinct reactive domain with respect to dissociation, such as abstraction
or isomerization, with the consequent formation of unexpected highly vibrationally excited
products [19,26]. Roaming reactions may be considered a special case of those reactions that
are dynamically controlled and deviate from the minimum energy path or intrinsic reaction
coordinate [27-30] and are now widely accepted as a nearly universal aspect of chemical
reactivity that could make a significant contribution to product branching in unimolecular
reactions [30-36].

2. Methods of Calculation

The multi-configurational calculations have been carried out with the complete active
space self-consistent field (CASSCF) [37-43] method and the multi-state second-order
perturbation (MS-CASPT2) approach [44,45], as implemented in the MOLCAS 8.4 and
OpenMOLCAS 22.06 programs [46—49]. Extended relativistic ANO-RCC basis sets [50,51]
have been used throughout this work by applying the contraction scheme [C,N,O]/[H]:
[4s3p2d1f]/[3s52p1d]. The IPEA empirical correction has been fixed at 0.25 in all of the
MS-CASPT?2 calculations, equally, and to avoid the inclusion of intruder states in such
calculations, an imaginary shift set to 0.1 has been applied.

All geometry optimizations have been performed with both CASSCF and CASPT2
methods. The characterization of all the species as a minimum or transition state has
been conducted by means of frequency calculations, analytically for CASSCF calculations
and numerically for the CASPT2 ones. In addition, the Meller-Plesset (MP2) [52] and
DFT/MO062X [53] methods have been applied as they are implemented in GAUSSIAN-
16 [54], in conjunction with def2-TZVPP basis sets [55,56].

The selection of the active space to study the reactions of nitro—nitrite derivatives
(X-NO,; X=NO) consists of 14 electrons distributed in 11 orbitals [57-62], or 16 electrons
and 13 orbitals when proton migration is under study. Molecular dynamics calculations at
the CASSCF level were performed with the velocity algorithm of Verlet [63,64] implemented
in MOLCAS.
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The analysis of molecular orbitals and molecular geometries was conducted with the

programs Molden 6.9 [65] and Gabedit 2.5.0 [66]. The analysis of vibrational normal modes
was performed with the MacMolplt V7.6 program [67].

Construction of the 1D potential energy curves (PECs) was performed by apply-
ing a linear interpolation method that uses the full space of non-redundant internal

coordinates [68-72].

Mapping of 2D Potential Energy Surfaces

The mapping of the 2D potential energy surface of a reaction was sketched out in a
previous work [73]. Here, we describe the procedure in detail (Figure 1). First of all, to
start the mapping, three points (geometrical configurations) are required for defining the
reaction domain; such points usually content critical points of the system under study, e.g.,
minima, transition states, surface crossings, or a combination of them. Secondly, we define

%
a common set of non-redundant internal coordinates (R, = [r;, ..., &, Tgy o ]) for the
three reference points, where r;’s corresponds to internuclear distances and oc]-’ sand T}'s
are valence bond angles and dihedral angles, respectively. Third, one of the selected points
_>

is chosen as a reference (0 in Figure 1A). Then, we built the linear interpolation vectors Ry,

%
and Ry by subtraction of the i, j non-redundant internal coordinates:

— — —
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Figure 1. (A) Schematic representation of the orthogonalized mapping method. (B) CASPT2 contour
plot (2D representation) of the potential energy surface (PES) connecting the system the system
[nitromethane:trans-methylnitrite:cis-methylnitrite]. (C) CASPT2 3D representation of the PES of the
same system. pTS1 and pTS4: saddle points on the PES. Grid size (41 x 41).

—
The coordinates of Ry, correspond to the following elements: non-dimensional in-
ternuclear distances ry; = (9 — 1) /o (1 internuclear distance in Aand r, = 1) and the
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differences between the ag;’s and T'gys, respectively, which correspond to non-dimensional
— —
valence bond angle coordinates or dihedral angle coordinates of Ry and R; in radians.
—
Given that we are working in internal coordinates, the relative orientation of the R

o
and Ry vectors can be arbitrarily chosen. Thus, in this case, the relative orientation is
selected in such a way that the bisector line of the angle 102 is aligned with the Qs-axis and
is orthogonal to the Qr-axis (Figure 1(A1)).

— —
The next step is the normalization of the vectors Rp; and Rpp:

N - —
ro1 = R01/‘R01 3)
- - -
ro2 = Ro2/|Roz 4)

Thus, the addition and subtraction of the unit vectors 701 and 702—with equal
lengths—yields vectors v s and v r that are mutually orthogonal and are in line with the
Qs-axis and Qg-axis, respectively (Figure 1(A2)). Normalization of v s and v R yields ; S

—
and g ; that form an orthonormal basis:

— — —) — - =

Us=To+ rngs=70 /’Us’ ®)
— — EE—

UR*”Ol_rOZQR:UR/’USR‘ (6)

In order to span the configurational domains of species 1 and 2, the orthonormal
vectors q gand q R are scaled by the norm ( f,,,) of the largest vector, R01 or R02 Thus, we

obtain two vectors, QS and Q &, Which are mutually orthogonal and with the same norm
(Figure 1(A3)) as follows:

fn > ‘EOX X = (lor2) @)
Qs = furd ®)

51{ = fm'?R (9)

fn = ‘55 - ‘SR. (10)

— —
Once the vectors Q, and Qp are built, in order to map the potential energy surface, it
is necessary to select a step size s:
5= fm/nstep (11)
where 754y is an arbitrary integer number that will determine the grid size of the 2D
surface. Thus, the position of any point (k 1), which represents a d1stort10r1 of the reference
geometry 0 (k-s trmes along the vector QS and [-s times along the vector Q r), is given by
the position vector P « (Figure 1(A4)).
— —
+1s-Qr/|Qr

— - |=
Py = k-s-QS/’QS (k1= +0,+1,..., +nsp) (12)

In practice, we run the mapping in horizontal mode; that is, following the interpolation
N

vector Qg (Figure 1(A4)). As an example of the application of the mapping procedure
described above, Figure 1B,C depicts the 2D and 3D representations of the potential energy
surfaces of the ternary system [nitromethane:trans-methylnitrite:cis-methylnitrite]. The
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mapping of such a system identifies two saddle points, labelled as pTS1 and pTS4, that
would connect (i) nitromethane with trans-methyl nitrite and (ii) trans-methyl nitrite
with cis-methyl nitrite, respectively. Thus, each one of these saddle points has been
successfully used as good starting geometries to optimize the true transition states (TS1
and TS4; vide infra) for the reactions CH3NO, — trans-CH30ONO and trans-CH3ONO —
cis-CH3ONO, respectively.

To finish this section, it must be remarked that the points used in mapping the PESs
satisfy the condition of being contained in a plane because they are constructed from the
basis vectors ; g and ; r that form a subspace of R". In contrast, the points that would be
obtained by the so-called constrained optimization method would not satisfy the above
condition because they would not be in the same vector subspace.

3. Results and Discussion
3.1. Unimolecular Reactions of Nitromethane and Methyl Nitrite

The elementary unimolecular reactions of nitromethane and methyl nitrite have been
widely studied by many authors with a variety of theoretical approximations [4-20], mostly
with single-determinantal representation for the electrons. However, given that several of
the products and intermediates of the studied reactions are radical species, application of a
multiconfigurational wavefunction method is demanded to avoided symmetry breaking
deficiency [74], which would lead to an unappropriated description of the electronic struc-
ture of the fragments (charged fragments), for example, in studying the potential energy
surfaces of the dissociation reactions (Figure S1). In this section, with the objective of show-
ing the accuracy and reliability of the CASPT2 theory, whose reference wave function is
multi-determinantal, we studied some of the main unimolecular reactions of nitromethane
and methyl nitrite with such a theory (energetics, frequencies and geometries of stable
species, and intermediates and transition states), and where possible, CASPT2 results are
compared with experimental data [75-77] and with MP2 and DFT calculations obtained in
this work. To be specific, the reactions reported are: (i) dissociation of nitromethane into
methyl and nitrogen dioxide radicals; (ii) trans-methyl nitrite dissociation into methoxy and
nitric oxide radicals; (iii) nitromethane dissociation into nitrosomethane and atomic oxygen;
(iv) nitro—nitrite isomerization of nitromethane leading to formation of trans-methyl nitrite;
(v) proton migration in nitromethane to give aci-nitromethane [CH,N(O)OH]; (vi) proton
migration in methyl nitrite to give formaldehyde and nitrosyl hydride (HNO); and (vii)
trans—cis isomerization of methyl nitrite. The thermodynamics properties (enthalpies and
Gibbs free energies) of such reactions computed with the expressions of statistical thermo-
dynamics and obtained from three different theoretical approaches (CASPT2, MP2/HEF, and
DFT) are compared with experimental values in Tables 1 and 2. In general, there exists an
excellent agreement between experimental and CASPT2 calculated values for the reaction
enthalpies; the major source of deviation from the experimental data arises from the har-
monic CASPT2 frequencies. Comparison of the dissociation and activation Gibbs energies
for the tabulated reactions shows that the C-N bond cleavage is the most energetically
favourable process of nitromethane. As another probe/prove of the accuracy of the CASPT2
method to deal with this kind of compound, the comparison of experimental [78-81] and
calculated geometrical parameters of the species studied in this work for nitromethane,
intermediates and products, is given in Supplementary Information (Tables S1-S8). Equally,
in order to show that the MS-CASPT2 approach is an appropriate method to deal with
dissociation reactions [82-86], the potential energy surfaces of the dissociation reactions
collected in Table 1 are given in Figures S2 and S3, where it is clearly observed that every
potential energy curve reaches the asymptotic limit at the dissociation region.
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Table 1. Energetics (kcal/mol) of the dissociation reactions of nitromethane and methyl nitrite.

Reaction Method AgG? AgEe? AgH € AgH?
CH3NO;(g) —
CASPT2 65.95
CH;(g) + NOy(g)
(0K) 58.76 58.76 59.16
(298.15K) 50.83 60.10 61.00
MP2/HF 66.61
(0K) 63.71 63.71
(298.15 K) 56.70 65.06
MO062X 67.93
(0K) 60.51 60.51
(298.15 K) 53.35 61.93
t-CH30NO(g) —
CASPT2 46.48
CH30(g)+NO(g)
(0K) 42.60 42.60 41.11
(298.15K) 33.13 43.99 42.32
MP2/HF 51.10
(0K) 49.28 49.28
(298.15 K) 39.79 50.69
MO062X 42.63
(0K) 37.86 37.86
(298.15K) 28.31 39.40
CHgNOz(g) —
CASPT2 99.53
CH;NO(g)+O(°P)(g)
(0K) 95.32 95.32 92.83
(298.15 K) 88.19 96.47 94.35
MP2/HF 104.88
(0K) 100.44 100.44
(298.15 K) 93.46 101.57
MO062X 96.82
(0K) 92.53 92.53
(298.15K) 85.47 93.68

2 Gibbs free energy. ° Electronic energy. ¢ Dissociation enthalpy. ¢ Dissociation enthalpy from https:/ /atct.anl.
gov/Thermochemical%20Data/ Data (accessed on 7 March 2025). Refs: [75-77].

Table 2. Energetics (kcal/mol) of the rearrangement and proton migration reactions of nitromethane
and methyl nitrite.

Reaction AG? A Ee P AHS AHY AHY
CHsNO(g) CASPT2 69.25
'8! 4 CH,ONO(g)
0K) 66.31 6631 255 1.9
(298.15 K) 66.66 6642 266 245
MP2 71.84
0K) 69.19 69.19  6.10
(298.15 K) 69.91 6912 591
MO062X 73.15
0K) 70.77 7077 2.10

(298.15 K) 71.33 70.77 2.44
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Table 2. Cont.
Reaction A,G* A E. b A;HE AHY AHAY
CH3;NO,(g) % CASPT2 66.54
CHyN(O)OH(g)
(0K) 63.01 63.01  12.88
(298.15 K) 64.98 6254  12.76
MP2 66.35
(0K) 62.86 62.86  16.32
(298.15 K) 62.86 6295  16.20
MO062X 65.66
(0K) 62.19 6219  12.52
(298.15 K) 63.25 61.77  12.33
+CH;ONO(®) ¥ cpgpro 43.80
CH,O(g) + HNO(g)
(0K) 38.76 3876 1434  13.62
14.85
(298.15 K) 38.90 3868 1597
MP2 41.94
(0K) 37.69 3769 1342
(298.15 K) 37.27 3799  15.06
MO062X 49.92
(0K) 45.88 4588  14.92
(298.15 K) 46.73 4554  16.06
FCH,ONOG) CASPT2 12.12
TS4 .
— ¢-CH30NO(g)
(0K) 11.62 1162 —086 —0.74
(298.15 K) 11.47 1228  —0.60 —0.70
MP2 11.26
(0K) 10.63 10.63  —1.11
(298.15 K) 10.42 10.75  —0.94
MO062X 10.95
(0K) 10.48 1048  —1.29
(298.15 K) 11.46 9.99 —~1.66

2 Gibbs free energy. ® Electronic energy. © Activation enthalpy. ¢ Reaction enthalpy. € reaction enthalpy from
https:/ /atct.anl.gov/Thermochemical%20Data/ Data (accessed on 7 March 2025). Refs: [75-77].

3.2. A Look at the So-Called Loose Transition State

Two different reaction mechanisms for nitro-nitrite isomerization of nitromethane
(CH3NO;) to methyl nitrite (CH3ONO) have been proposed in the literature: one involves a
so-called loose transition state (Figure 2a), in which the methyl and NO, radicals are almost
formed and well separated from each other [4], and the other mechanism passes through
a so-called tight transition state in which the internuclear distances among the atoms of
the C-NO; group are shorter than in the loose one (Figure 2b). The geometries of these
two types of transition states obtained in this work are given in Figure 2 and the CASSCF
and CASPT?2 structural parameters are collected in Table S9. It should be noted that due
to the very flexible nature of the transition state given in Figure 2a, we could not find a
precise stationary point; although the convergence criteria for maximum gradient and root
mean square of the gradient were fulfilled, the stopping criterium for displacements was
not reached.
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(b)

Figure 2. CASSCF/ANO-RCC optimized geometries of (a) loose transition state [CAS(10e,70)] and
(b) tight transition state [CAS(14e,110)]. Numbers correspond to main geometrical parameters in A;
arrows: transition mode.

The loose transition state acquired a special interest in the context of the roaming
reaction for the nitro—nitrite isomerization of nitromethane [7], where a nitro—nitrite iso-
merization mechanism which evolves through a loose transition state or roaming saddle
point (RSP) is proposed. In this respect, inclusion of such an RSP seems to deviate from the
original statement of the definition of roaming reaction [25], that is, a reaction that does
not pass through a conventional transition state [25,27]. For this reason, we re-investigated
these two types of transition states (loose and tight). To obtain such transition states,
two different active spaces must be selected: (i) 10 electrons distributed in 7 orbitals for
the loose transition state [CAS(10,7)], and (ii) 14 electrons in 11 orbitals [CAS(14,11)] for
the tight one. The CASSCF molecular orbitals of the Cs symmetry equilibrium geometry
of nitromethane, which are included in each one of the active spaces, are represented
in Figure 3. The reduced active space (Figure 3a) comprises the following orbitals that
coincide with the description of Saxon and Yoshimine: One O o lone pair (ng), one O 7
lone pair (n), two N-O o bonds (onp), one N-O o bond (o*Np), one N-O 7t bond (7tno),
and one N-O 7* (7txn0). The larger active space (Figure 3b) comprises one O o lone pair
(ng), one O 7 lone pair (ny), two N-O o bonds (ono) and the two correlating o* orbitals
(o*N0), one N-O 7 (o) and the correlating N-O 7* orbital (7r+np), one C-N o bond (ocn)
and the correlating o* orbital (o*cy), and the 2s orbital of nitrogen (2sy) that has a strong
C-N bonding character. Although both types of calculation have been performed without
symmetry restrictions, the CAS(14,11) wave function of the larger active space keeps the C
symmetry properties. In contrast, as a result of the unbalanced selection of the CAS(10,7)
reduced active space, it is clearly observed in the orbitals that we obtained a symmetry
breaking solution of the wave function. Symmetry breaking has an important impact on
the results; generally, such results are unappropriated. For example, Figure 4 represents
the 1D potential energy surfaces that connect the equilibrium geometry of nitromethane
with the geometry of the loose transition state (Figure 2a), obtained with the two active
spaces, CAS(10,7) and CAS(14,11), and with the linear interpolation method [68-72]. The
curve obtained with the CAS(10,7) space shows a discontinuity between points 21 and 22,
and the reason for this behaviour is orbital rotations (Figure 3) among the inactive, active,
and secondary spaces, which, in practice, is equivalent to a change in the wave function
in passing from one point to the other on the reactive domain, which is, from our point of
view, chemically unacceptable to describe any reaction. Therefore, the loose transition state
represented in Figure 2a must be considered an artefact of the unappropriated CAS(10,7)
active space.
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Figure 3. CASSCF/ANO-RCC molecular orbitals. (a) CASSCF(10e,70); (b) CASSCF(14e,110). In
parenthesis: occupation numbers.
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Figure 4. CASPT2 profiles of the linear interpolations in internal coordinates connecting the
minimum of nitromethane (Cs) with the loose structure (Cq): (a) CASPT2/CASSCF(100,7¢);
(b) CASPT2/CASSCF(14e,110). * Indicates discontinuity in the interpolation curve due to change in
the wavefunction.

Figure 5a,b depicts the 2D and 3D representations of the potential energy surfaces
[CASPT2/CASSCF(14e,110)] that comprise the configurational domain of the ternary
system [CH3NO;:Loose:cis-CH30ONO)], the reference geometries that correspond to the
CASPT2 minimum geometries of nitromethane and cis-methyl nitrite, plus the CASSCF
loose transition state. It is clearly observed in such a figure that there is not any signal
of a transition state (saddle point) which relates nitromethane with cis-methyl nitrite. In
contrast, it seems that they are related through a roaming mechanism.
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Figure 5. Mapping of the potential energy surface of the ternary system [CH3NO,:Loose:cis-
CH3ONO]J; (a) 3D representation of potential energy and (b) 2D representation of potential energy.
CASPT2 from CASSCF(14,11)/ ANO-RCC reference wave function. Grid size (41 x 41).

To gain more insights about the roaming structures of the nitro—nitrite isomerization
of nitromethane, as in Figure 5, we built four CASPT2 2D potential energy surfaces for the
ternary system [CH3NO,-Roaming-Structure-cis-CH3ONO] by taking different geometries
for the quasi-dissociated species (Figure 6) and using a CASSCF(14,11) reference wave
function. The first surface (Figure 6a), in fact, would not correspond to a roaming inter-
mediate because the analysis of the wave function indicates that the two fragments are
well-formed radicals; that is, the molecule is completely dissociated. The geometries and
relative energies of the reference points (0,) are included in the graphic. It is shown that
a significant change in the geometry of the reference point is accompanied by a small
variation in its relative energy, that is, roaming rotation must not be a very hindered process
at these points of the potential energy surface, especially if rotation is assumed to be free
at the higher energy geometry (01). Figure 6b—d represents the topology of the potential
surfaces for true roaming structures. What is observed in these latter figures is that as the
roaming complex is more compact with decreasing internuclear distances, the product
(cis-CH3ONO) is closer to the roaming structure; in addition, the slope of the surface
becomes more negative, which enhances the formation of the intermediate [cis-CH3ONO]
from the roaming structure. To finish this paragraph, the brown flat regions on the surfaces
depicted in Figure 6 correspond to very high energy points arising from geometries with
very close separation between atoms.

To demonstrate that the roaming process leads to decomposition of nitromethane into
CH30 and NO passing through the methyl nitrite intermediate, we performed molecular
dynamics calculations at the CASSCF level with the algorithm of Verlet [63,64]. The
obtained results are shown in Figure 7. These calculations are started at the geometry
represented in Figure 6¢ (03). The initial condition imposed on the dynamical calculations
consists of an addition of kinetic energy on the NO, fragment, as is shown in Figure 7. The
pattern of formation/dissociation of cis-methyl nitrite is similar in the four calculations:
(i) the nitrite molecule is formed from the roaming structure, more rapid, as higher is
the initial kinetic energy; (ii) the molecule lives during approximately 80 fs in the well of
cis-methyl nitrite; (iii) the molecule dissociates into NO and CH3O; and (iv) excess of kinetic
energy (Eyn, = 80 kcal/mol) leads to a delay in the dissociation process of [cis-CH3ONO]*.
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The global process starting at nitromethane is represented in Equation (13):
CH3NO; — [CH3' “NO ¥ — [CH3ONO]* — CH30 + NO. (13)

Figure 8 collects diagrammatically the Gibbs free energies at four different temper-
atures of the process represented in Equation (13) and Figure 6b—d. In accordance with
such diagrams, the activation energy of the first step decreases as temperature increases
and is the higher energy step in every case. Therefore, when the system reaches the region
of the roaming rearrangement, it accumulated enough energy to complete reaction 13.
Curiously, the activation energies of the process that passes through the roaming molecular
arrangement with a C-N internuclear distance of 4.0 A (Figure 6¢) are the lower ones at any
temperature (Figure 8b). Gibbs free energies at different temperatures have been calculated
with the standard expressions of statistical thermodynamics, and the thermal corrections
to the energies of the roaming structures computed after projecting out the vibrational
Hessian matrix the rotation—translation eigenvectors and gradient vectors [87,88].
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Figure 8. Schematic representation of the Gibbs energy profiles for the process (i) CH3NO, —
(ii) [CH3 "NOy J* — (iii) [CH30ONO]J* — (iv) CH30 + NO (Equation (13)) at different temperatures
and initial geometries. (a) Initial geometry included in Figure 6b. (b) Initial geometry included in
Figure 6¢. (c) Initial geometry included in Figure 6d. Energetics of all the species analyzed in this
figure are referred to CASPT?2 electronic calculations.

4. Conclusions

In this paper is described a mapping method (orthogonalized 3D representation) for
the PESs by defining an orthonormal basis consisting of two R" orthonormal vectors that
allows us to obtain a set of ordered points in the vector subspace defined by the plane that
contains the basis vectors.

The main elementary unimolecular reactions of nitromethane, including energetics,
geometrical optimizations, and calculated vibrational harmonic frequencies, have been
studied with the CASPT2 method by using a well-balanced CASSCF reference wave
function of 14(16) electrons distributed in 11(13) orbitals. All the kinetically controlled
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reactions are endergonic, with the C-N bond breaking the process with lower AG energy
among this class of reactions. In contrast, it is found that the roaming process [CH3NO,—
[CH3 "NOJ* — [CH30NO]J* — CH30 + NOJ is exergonic at high temperatures, where the
star symbols indicate vibrationally excited species. At this point, it is important to note that
this mechanism has been previously proposed by other authors [7-9]. Furthermore, with all
the roaming structures analyzed in this work, the higher energy points in the mechanism
given in equation 13 are well below the dissociation limit of nitromethane that leads to CHz
and NOs.

The so-called loose transition state has been re-investigated with two CASSCF active
spaces: (i) 10 electrons distributed in 7 orbitals and (ii) 14 electrons in 10 orbitals. It is
shown that the smaller active space yields artifactual results arising from an unbalanced
description of the electronic structure. In fact, the selection of the active space for studying
nitromethane would be straightforward after the work of Blahous et al. on the NO,
radical [89], where they pointed out that the CASSCF wave function to describe the whole
configurational domain of the potential energy surface must contain 13 electrons distributed
in 10 orbitals.

To finish, it must be remarked that an exhaustive study of a roaming process requires
intensive and extensive molecular dynamics calculations, such as those performed in
relevant works given in references cited above [7-10]. However, this aim is beyond the
scope of this manuscript.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/reactions6010021/s1, Table S1: CASPT2 and MP2/HF geomet-
rical parameters of nitromethane.; Table S2: Geometrical parameters of trans-methyl nitrite (trans-
CH30ONO); Table S3: Geometrical parameters of cis-methyl nitrite (cis-CH3ONO); Table S4: Geometri-
cal parameters of the transition state (TS1) for nitromethane to methyl-nitrite isomerization; Table S5:
Geometrical parameters of the transition state (TS2) for proton migration CH3NO, — CH,;N(O)OH;
Table S6: Geometrical parameters of the transition state (TS3) of reaction CH3NO, — CH,0 + HNO;
Table S7: Geometrical parameters of the transition state (TS4) of reaction trans-CH30NO — cis-
CH3;ONO; Table S8: Geometrical parameters of nitrosomethane (CH3NO). Table S9: CASSCF and
CASPT2 geometrical parameters of the loose and tight (TS1) transition states for nitromethane to
methyl-nitrite isomerization. Figure S1: Orbitals and weight of the main configurations included
in the CASSCF wave functions of the key geometrical structures involved in the decomposition
of nitromethane. (2): doubly occupied orbital; (0) unoccupied orbital; (u) spin-up singly occupied
orbital; (d) spin-down singly occupied orbital. Figure S2: MS-CASPT?2 energy profiles of the linear
interpolations for (a) the dissociation of CH3NO, into CH3 and NO,; (b) the dissociation of trans-
CH30ONO into CH30 and NO; (c) the dissociation of trans-CH30ONO and cis-CH3ONO into CHj
and NO,; Figure S3: (a) MS-CASPT?2 energy profiles of the dissociation of CH3NO, into CH3zNO
and (O) atomic oxygen (linear interpolation in internal coordinates). Blue solid line (singlet A’); blue
dotted line (singlet A"); red solid line (triplet A); red dotted line (triplet A”'). Green numbers: relative
energy in kcal/mol with respect to the last point of lowest energy. (b) Calculated energetics of the
isolated oxygen atom and nitrosomethane. Coordinate list: CASPT2/CASSCF/ANO-RCC Cartesian
Coordinates in A.
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