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Approach to the Atmospheric Chemistry of Methyl Nitrate and Methylperoxy Nitrite.
Chemical Mechanisms of Their Formation and Decomposition Reactions in the Gas Phase
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Potential energy surfaces, minimum energy reaction paths, minima, transition states, reaction barriers, and
conical intersections for the most important atmospheric reactions of methyl nitratgOfCH) and
methylperoxy nitrite (CHOONO) on the electronic ground state have been studied (i) with the second-order
multiconfigurational perturbation theory (CASPT2) by computation of numerical energy gradients for stationary
points and (ii) with the density functional theory (DFT). The proposed mechanism explains the conversion of
unreactive alkyl peroxy radicals into alkoxy radicals: 04 + NO = CH;OONO = CH3;0 + NO, =
CHsONO.. Additionally, several discrepancies found in the comparison of the results obtained from the two
employed approaches are analyzed. CASPT2 predicts that all dissociation reactions into radicals occur without
an extra exit energy barrier. In contrast, DFT finds transition states for the dissociatioiss afdtrans
methylperoxy nitrite into ChO + NO,. Furthermore, multiconfigurational methods [CASPT2 and complete
active space SCF (CAS-SCF)] predict the isomerization of@¥O, to CH;OONO to occur in a two-step
mechanism: (i) CHONGO, — CH3;0 + NOy; and (ii) CHO + NO, — CH3;OONO. The reason for this has

to do with the coupling of the ground electronic state with the first excited state. Therefore, it is demonstrated
that DFT methods based on single determinantal wave functions give an incorrect picture of the aforementioned
reaction mechanisms.

Introduction SCHEME 1: Accepted Mechanism for Reaction of Alkyl
Alkyl nitrates (RONQ) and alkyl peroxynitrites (ROONO) Peroxy Radicals with Nitric Oxide

are important molecules in the chemistry of the atmosphere. . . RO« +NO,
These two species have both anthropogenic and biogenic intermediate

origins1~2 for example, it has been recently discovered that an RO,*+NO F=E ROONO n
important amount of tropospheric methyl nitrate arises from an reactants

unknown marine source? Alkyl nitrate and alkyl peroxynitrites RONO

are related to each other through the chemistry of organic peroxy

radicals (RO®@). Such radicals, which are formed in the

oxidation of anthropogenic or biogenic volatile organic com- tion, it limits the production of @ whose presence in the
pounds, combine with nitric oxide (NO) to produce alkoxy troposphere causes crop damage and human respiratory fliness.
radicals (RG®) and nitrogen dioxide (Ng) plus a significant

amount of alkyl nitrates. NO, + hv— 0O+ NO 3)

ROO» + NO— ROs + NO, @ O+0,+M—0;+M 4)

— RONG, 2) The main objective of the present work is to study the

Lhemistry of methyl nitrate and methylperoxy nitrite on their

electronic ground states. This paper is structured in four
theoretical worké 0 have characterized a transition state for S€ctions: (i) Introdu_ction, _i_n which the most relev_ant preceding
the ROONO— RONQ; isomerization reaction by using density works are summan_zed; (ii) Com_putatlo__r)al Details, wher_e the
functional theory (DFT). Negative temperature dependence of Methods of calculation are described; (iii) Results and Discus-
the rate coefficients for reactions 1 and 2 also suggests thatSioN: which deals with dissociation reactions of methyl nitrate

ROONO is an intermediafé.However, the ROONO intermedi- and methylperoxy nitrite, rearrangement of methyl nitrate to
ate itself has not been observed in the gas phase #d.R methylperoxy nitrite, and formaldehyde elimination from methyl

Reaction 1 is important because it converts relatively unreactive Mitrate and methylperoxy nitrite, respectively; and (iv) Conclu-
alkyl peroxy radicals and nitric oxide to highly reactive alkoxy

It is accepted that the mechanisms of both reactions share
common intermediate, peroxynitrite, (Scheme* 1. Recent

sions.

radicals and N@ In turn, photolysis of N@is the only known It is noteworthy that the decomposition channel of methyl
way of producing ozone in the troposphere via reactions 3 and hitrate into CH and NQ has not been studied in this work.
412 Furthermore, since reaction 2 competes with ozone forma- However, the bond dissociation energy computed from tabulated
experimental data amounts to 81.8 kcal/mol (Table 1), a value
* Corresponding author. Fax$34-952132047. E-mail: soto@uma.ps.  which is rather high to be considered as a competitive channel.
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TABLE 1: Energetic of Dissociation Reactions of CHONO, and CH3;00ONO (CASPT2//CAS-SCF(16e,1203)

reaction AEP AU(0) AHd exptPf
CH3ONO, — CHsz + NO3 81.8 (342.1)
CH;ONO, — CH;0 + NO, 475 42.2 (176.7) 43.4 (181.5) 41.2 (172.4)
CH;ONO, — Cil 38.0
CH3ONGO, — Ci2 84.7
CH;ONO; — H,CO + HONO 42.0 36.6 (153.2) 36.8 (153.9)
¢-CH;00NO— CH:0 + NO; 15.1 11.8 (49.3) 12.5 (52.1)
¢c-CH;:OONO— CH;00 + NO 26.4 25.2 (105.4) 26.4 (110.4)
t-CHsOONO— CHsO + NO, 13.2 9.9 (41.5) 10.5 (44.0)
t-CH;OONO— CH;O0 + NO 24.3 23.2(97.1) 24.3(101.9)
36.6 (153.2) 36.8 (153.9)

a Four state average reference wave functidifference in electronic energies in kcal mal ¢ Difference in electronic energies plus zero-point
energies in kcal mol. 9 Dissociation enthalpy a = 298.15 K.¢ Bond dissociation energy calculated@S= § A{H°(product)— A{H°(reactant)
from CRC Handbook of Chemistry and Phys@302-2003 83rd ed.; Lide, D. R., Ed.; CRC Press LLC: Boca Raton, FL, 20®2lues in
parentheses in kJ/mol.

Computational Details of stable molecules with their respective ground-state dissocia-
tion products. This vector is built by calculating the difference
between internal coordinates of reactant and dissociation
products AR = R; — R;, whereR; andR; represent the internal
coordinate vectors of the initial and dissociation products,
respectively?!

Reduced two-dimensional surfaces are built from sets of

All of the geometry optimizations of the relevant species
involved in the reactions of methyl nitrate and methylperoxy
nitrite have been performed in Cartesian coordinates and using
generally contracted basis sets of the atomic natural orbital
(ANO) type obtained from the C,N,O(%4p4d3f)/H(8s4p3d)
primitive sets!3the so-called ANO-L basis sets, with the C,N,O- factl dered @ T h | directi
[4s3p2d1f]/H[3s2pld] contraction schemes. These optimizations periectly - ordere Pom - 1Wo orthogonal directions are
were performed following two strategies: (i) optimization at obt_amed as follows: . . .
the complete active space self-consistent field (CAS-S@#)el (i) Two generator vectors are defined in internal coordinates
of theory by computation of analytical energy gradients, and &S
(ii) optimizations with the second-order multiconfigurational

perturbation theory (CASPT®)by computation of numerical R =R(l) — RQ) (5a)
energy gradients. Both methods were applied as implemented
in the MOLCAS 6.2 program In the CASPT2 calculations, R, =R(I) — R(K) (5b)

the 1s electrons of the carbon, oxygen, and nitrogen atoms, as

determined in the SCF calculations were kept frozen. The whereR(L) denotes the internal coordinate vector of a given
stationary points (minima and saddle points) were characterizedspecies.

by their CASSCF analytic harmonic vibrational frequencies  (jj) vectors R, andR; are normalized

computed by diagonalizing the mass-weighted Cartesian force

constant matrix. On the other hand, the localization of the R
crossing points was done with the algoritHimplemented in r,= _t (6)
the GAUSSIAN prograr? and with the cc-pVDZ basis sets. Ry
The gradient difference and non-adiabatic coupling vectors were R
computed by using state average orbitals in the manner ro=_2 @)
suggested by Yarkors. 2 R,

Selection of the active space is crucial in the CAS-SCF
calculations of methyl nitrate and methylperoxy nitrite. To avoid  (jji)y Sum and subtraction of, andr, give a set of two
undesirable effects on the wave function such as symmetry grthogonal vectors,
breaking, the minimum active space must comprise 14 electrons
distributed in 11 orbitals, in accordance with reported wérks ro=r.4r 8)
on related nitro-derivatives. These orbitals correspond to the a 12

2s-orbital of nitrogen atom, two NO bonding orbitalgo, one r=r,—r, 9)
delocalized ONOz-bonding orbitalszno, one o-nonbonding

orbital oo, onesr-nonbonding orbital i, two NO antibonding )

orbitalso* no, one delocalized ON@-antibonding orbitair* yo, (iv) Vectorsr, andry, are scaled by the length of the largest
plus CN bonding and antibonding orbitalgy ando* cy on CHs- vector betweeri, andR,.

ONO,. Moreover, the active space has been increased in some

calculations by adding the nonbondingonorbital of the R.=Ryr, (10)
methoxy group, which results in a 16 electron 12 orbital active

space. Along the text, the active space used in each case will R, =Ryry, (11)

be specified.

The topology of the potential energy surfaces has been studied To finish this section, it must be remarked that density
performing linear interpolations and reduced two-dimensional functional theory (DFT) with the B3-LY# nonlocal exchange
potential energy surfaces. Linear interpolations for dissociations correlation functional has been applied as well to study the title
of CH3ONO, and CHOONO into radicals are built in the  molecules. For each transition state localized at this level of
following manner: electronic energies are represented versustheory, intrinsic reaction coordin&fe(IRC) calculations have
an interpolation vector\R, which connects ground state minima been performed as well. Thus, the products and reagents
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Figure 1. CAS-SCF geometries (in parentheses selected CASPT2 parameters) of the relevant species for the decomposition and isomerization of
methyl nitrate: (a) staggered methyl nitrate (M1); (b) saddle pointfbO, rotation (Sd1); (c) saddle point forCHs rotation (Sd2); (d)is-
methylperoxy nitrite (M2); (ejrans-methylperoxy nitrite (M3); (f) S conical intersection (Cil), the arrows in the smaller figures correspond to
nonadiabatic coupling (left) and gradient difference (right) vectors; {f 8onical intersection (Ci2); (h) transition state for nitrous acid elimination

from methyl nitrate (Ts1). Imaginary frequencies computed analytically at the CAS-SCF level.

connected by the respective transition states have been unameptimized geometry of the staggered minimum of ONO,

biguously localized. at the CASSCF and CASPT?2 levels. Figure 1, parts b and c,
represent two stationary structures of O, that correspond
Results and Discussion to saddle points for rotation of the NGind CH moieties,

respectively. The computed barriers for these two internal
rotations agree well with the experimental data reported above;
they amount to 6.1 and 2.3 kcal/mol, respectively. Concerning
methylperoxy nitrite, two conformers have been locatgs,
andtrans-methylperoxy nitrite (Figure 1, parts d and e). Figure
1, parts f and g, represent tw@/S, conical intersections, which
are relevant in the dissociation and isomerization mechanisms

This section is organized as follows. Prior to discussion of
the reaction mechanisms, all of the critical points found in this
study are illustrated in Figure 1 and have been plotted with the
MacMolplt progrant® Second, it is shown that the dissociation
reactions of the three stable species dealt with in this work,
namely, CHONO,, ciss=CH3O0NO, and transCH;OONO,

occur without any extra exit energy barrier. Therefore, the ¢ hvl o q vl ni | |
association reactions of the corresponding radicals are barrier-2! transmethylperoxy nitrite and methyl nitrate, aiternately.

less. Third, the nitrenitrite isomerization of methyl nitrate T inally, Figure 1h represents the transition state (Ts1) leading
(CHsONO, — CHsOONO) is discussed. Fourth, we study t© the decomposition of methyl nitrate into formaldehyde and
elimination reactions of the three cited species to yield HCHO Nitrous acid. Internal coordinates of all these points are collected
and HONO (or HNQ). To finish, the bimolecular reaction in the Supporting Information section, Table S1.

2CH;0ONO, — CH30NO + HOCH,ONG; is analyzed. Dissociation Reactions of Methyl Nitrate and Methylp-

The microwave spectrum of GANQ; yields a planar heavy-  eroxy Nitrite. The most striking result obtained in this section
atom skeleton with the methyl group staggered with respect to is that decompositions of the title molecules into radicals{RO
the cis oxygen atorff-?”Rough relative intensity measurements + NO, or ROG + NO) take place without an extra exit barrier;
of the bands of the microwave spectrum yield a barrier of 9.1 in other words, the reverse reactions of the free radicals to yield
4+ 2.6 kcal/mol for NQ internal rotation and 2.3 kcal/mol for  the closed-shell reactants are barrierless. This is in contrast with
internal rotation of the methyl growuf§.Figure 1a displays the  the conclusions which can be extracted from B3-LYP calcula-
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Figure 2. MS-CASPT2 energy profiles of the dissociation reactions i . ) o .
(a) CHHOONO — CH400 + NO, and (b) R(O)N@— R(O) + NO.. Figure 3. MS-CASPT2 energies profiles for dissociationscif and
trans-methylperoxy nitrite into CED and NQ. (a) Linear interpolations

: P : : . (i) from cis-methylperoxy nitrite to Ts2, and (ii) from Ts2 to GE +
tions as it will be illustrated in the next paragraphs. The energetic NG (b) Linear interpolations (i) fronkransmethylperaxy nitrite to

of the di;so_ciation reacti_ons which will be discussed in this Ts3, and (ii) from Ts3 to CkD + NO».
manuscript is presented in Table 1.

Figure 2a shows the linear interpolations for the dissociation products (CHO + NO,) are reached without surmounting any
of cis- andtrans-methylperoxy nitrite into CHOO and NO. It extra energy barrier; therefore, by definition, no transition state
is clearly observed here that elimination of nitric oxide occurs exists for dissociation of the cis conformer on the potential
without an extra exit barrier. Consequently, we must conclude energy surface. The structure corresponding to the transition
that there is no saddle point on tB&-dimensional potential state localized by the B3-LYP method is simply a wiggle on
energy hypersurface for such a process in both conformers.the potential surface. Concerning the dissociationtrahs
Alternatively, Figure 2b plots the energy profile for MO  methylperoxy nitrite, we must conclude again that the saddle
production from methyl nitrate and methylperoxy nitrite. The point (Ts3) characterized by the B3-LYP method is an artifact.
dissociative interpolation of C¥DNO, yields no extra exit When the calculations are performed at the most sophisticated
barrier for NQ formation; therefore, again, there is no saddle MS-CASPT?2 level, the structure of Ts3 corresponds to a surface
point on the potential energy surface for this reaction. On the crossing as shown in Figure 3b; in fact, we were able to localize
other hand, interpolations for dissociations of both conformers the minimum energy point in such a conical intersection with
of methylperoxy nitrite yield a remarkable exit barrier. These the CAS-SCF method (Cil, Figure 1f). Furthermore, the origin
maxima on the one-dimensional potential energy curves might of this crossing is closely related to tlg, conical intersection
suggest that transition states for such reactions could exist. Inbetween théA /2B, states of NQ.2° The search of this conical
fact, we were able to find them at the (U)B3-LYP level (Ts2 intersection of NQat the CAS-SCF (13, 10) with the cc-pvDZ
and Ts3, respectively). The spin contamination was moreover basis sets yields an internuclear distaRgeO) = 1.271 A and
significant & = 0.4) for both structures. Their geometries and an anglefd(ONO) = 107.2. Both geometrical parameters of
relative energies are in perfect agreement with the previously the 2A1/2B, conical intersection are close to those found in the
published datd?28The geometrical parameters, energetic of the —NO, fragment of Cil (Figure 1f).
reactions, and energy profiles of the intrinsic reaction coordinates Rearrangement of Methyl Nitrate to Methylperoxy Nitrite.
for the dissociation through the respective transition states of We were able to find with the B3-LYP method a transition state
cis- andtransmethylperoxy nitrite are included in the Support-  (Ts4) for the nitre-nitrite rearrangement of methyl nitrate. The
ing Information section (Table S2 and S3, and Figure S1). In geometrical parameters and intrinsic reaction coordinate are
contrast, any attempt to characterize these two transitions stategjiven in the Supporting Information section, Table S4 and Figure
at the CASPT2 level yielded no results. The reason for this is S2, respectively. The energetic of the reaction was given in
that both transition states do not exist at all. We base this Table S3. The IRC calculation clearly demonstrates that this
statement on the energy profiles represented in Figure 3. Figurestructure (Ts4) is the transition state for the isomerization of
3a shows the MS-CASPT2 linear interpolations (i) frais- methyl nitrate tacis-methylperoxy nitrite at this level of theory.
methylperoxy nitrite to Ts2 (B3-LYP) and (ii) from Ts2 to GBl However, when the search was tried with the CAS-SCF
+ NO». It is clearly observed in Figure 3a that dissociation approximation, it was impossible to localize this transition state.
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Figure 4. Potential energy surfaces for @BINO, — cissCH;OONO reaction (a) $and S surfaces at the CASPT2 level with CAS (14, 11)
reference active space, (b) B3-LYP/aug-cc-pvdz surface showing a saddle point betweegOBHD, and ciss=CH;OONO, and (c) molecular
arrangements of the four corners of the surfaces, labels denote coordR@tes. R(CH;ONO,); R(J) = R(cissCH;OONO); R(K) = R(Ci2).

The only critical point that we found in the neighborhood of the presence of such a conical intersection, which destroys the
Ts4 was an 8 conical intersection (Ci2, Figure 1g). Thisis S transition state for isomerization.

exactly the same finding that was observed in the ritritrite Figure 4b shows the B3-LYP/aug-cc-pVDZ potential energy
isomerization of nitramidé Therefore, we have followed the  surface of the nitrenitrite isomerization of methyl nitrate,
methodology that was applied to nitramide. That is, to clarify which has been built with the same geometrical points used in
the discrepancy found between multiconfigurational and Figure 4a. Although the geometry of the transition state has
Hartree-Fock-based methods, the reduced two-dimensional not been specifically included, the reaction path for direct
potential energy surfaces for the isomerization reaction of methyl isomerization passing through a saddle point is observed in such
nitrate have been built at the state-averaged CAS-SCF level ofa figure. This fact strengthens our confidence in that the reduced
theory including both thegand S states with the MS-CASPT2  dimensionality energy surfaces are representative of the reaction
approach (Figure 4a). The points which generate these surfacesnechanisms. That is, if the transition state for isomerization
expand the geometries of four critical molecular arrangements: would exist at the CAS-SCF level, we had been indeed able to
(i) methyl nitrate (M1), the (ii) ¥ conical intersection (Ci2),  find it. There are several reasons to think that the picture given
(iii) ciss=CH3sOONO (M2), and (iv) dissociation products (g8l for the isomerization process by the DFT methods based on

+ NOy). The most striking feature of this figure is the/S§ monoconfigurational wavefunctions are not but artifacts. First,
conical intersection. Additionally, a reaction path leading to the weight of the HartreeFock configuration on the multicon-
dissociation of methyl nitrate into G& + NO, on the 3 figurational wavefunction amounts only t660% around the

surface is observed, but no transition state appears for the directegion of the conical intersection, just where restricted ap-
isomerization. The reason for this behavior can be attributed to proaches localize the transition state. Second, these methods
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Figure 5. B3-LYP/6-31G* IRC for the bimolecular reaction 2GBINO, — CH;ONO + HOCH,ONO:.
SCHEME 2: (a) Mechanism for Reaction of Methylperoxy Radical with Nitric Oxide Including Computed Bond

Dissociation Energies in kcal/mol (in parentheses are given the values for the trans conformer). (b) Global Mechanism of
Decomposition Reactions of Methyl Nitrate and Methylperoxy Nitrite

intermediate o _ 3 (11

CH,0,+NO & CH,00NO F=E CH,0+NO, F=E CH,0NO,

- Do =43
reactants D°=26(24)

CH,0+NO,

CH,0,+NO

CH,0+ HONO

CH,0NO,

give an incorrect dissociation limit which topologically results functional theory (B3-LYP) gives similar energetic and geo-
on an overestimation of the energy at the dissociation regionsmetrical results (Tables S1 and S3). The reason for this has to
of Figure 4b, that is, points (0.; 0.5) and (1.0; 0.5). This fact, in do with the electronic structure of the transition state, whose

connection with the two minima corresponding to {LHNO, dominant configuration corresponds to a closed-shell species.
and CHONO, creates an artificial saddle point. Third, mono- The energy profile of the intrinsic reaction coordinate (B3-LYP)
configurational methods are blind to the S1 state. for this reaction is shown in Figure S4.

For the sake of completeness, we have studied the isomer- At the B3-LYP level, elimination of CkD fromcis- or trans
ization of methyl nitrate tdrans-methylperoxy nitrite and the  methylperoxy nitrite yields in addition nitrous acid (HONO) or
conclusions that can be extracted there are completely analogoussonitrous acid (HN@), alternately. In contrast to methyl nitrate,
to the cis conformer. Thep®ind § CAS-SCF potential energy  elimination of CHO from both conformers of CH#DONO is
surfaces of this process are included in the Supporting Informa- energetically less favorable than dissociation into radicals (Table

tion section (Figure S3). 1 and Table S3)AU(0) for these elimination reactions amounts
Formaldehyde Elimination from CH s0NO,and CHzOONO. to 39 and 22 kcal/mol for the cis and trans isomers. Geometrical

Apart from dissociation into radicals, methyl nitrate can react parameters of the corresponding transition states (Ts5 and Ts6)

through a parallel channel to yield formaldehyde ¢OH and and IRC calculations starting at them are presented in Table

nitrous acid (HONO), CEONO, — CH,O + HONO. The S5 and Figure S5, respectively.

energy barrier for CkD elimination from CHONGO, amounts Bimolecular Reaction2CHONO,—CH3zONO-+HOCH ;ONO..

to AU(0) = 37 kcal/mol at the CASPT2 level, which is 5 kcal/  This reaction was propos&das an alternative possibility to

mol lower than that computed for GANO, — CH30 + NO, explain the discrepancy between the activation energies reported

(Table 1). The CASPT2 geometry of the transition state (Ts1) for the thermolysis (39.8 kcal/mol) of methyl nitrate and the
for such an elimination is displayed in Figure 1h, and its value estimated from thermochemical data (42.1 kcal/mol) for
energetic is collected in Table 1. Compared to CASPT2, density the bond dissociation energy of the-®O, bond.



Atmospheric Chemistry of C¥ONO, and CHOONO J. Phys. Chem. A, Vol. 112, No. 2, 200855
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