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Quantum Mechanical Investigation of the Atmospheric Reaction CHO, + NO
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The important stationary points on the potential energy surface of the reactigf,GHNO have been
investigated using ab initio and density functional theory techniques. The optimizations were carried out at
the B3LYP/6-31#+G(d,p) and MP2/6-31t+G(d,p) levels of theory while the energetics have been refined
using the G2MP2, G3//B3LYP, and CCSD(T) methodologies. The calculations allow the proper characterization
of the transition state barriers that determine the fate of the nascent association conformeric minima of methyl
peroxynitrite. The main products, GB + NO,, are formed through either rearrangement of the trans-conformer

to methyl nitrate and its subsequent dissociation or via the breaking of the peroxy bond of the cis-conformer
to CH;O + NO; radical pair. The important consequences of the proposed mechanism are (a) the allowance
on energetic grounds for nitrate formation parallel to radical propagation under favorable external conditions
and (b) the confirmation of the conformational preference of the homolytic cleavage of the peroxy bond,
discussed in previous literature.

Introduction structures, theis-perp and theransperp forms, that proceed
further to reaction products, i.e., either the radical pair formation,
CHs30 + NOg, or the methyl nitrate production, GANO,. The
controversial issue that has complicated the formulation of a
guantitative mechanism has been the accurate determination of
the activation barriers for the various intervening steps, i.e, the

The reactions of alkylperoxy radicals with nitric oxiceplay
a central role in atmospheric chemistry with severe implications
on tropospheric ozone concentrations. The major reaction
channel (1) leads to radical pair production (alkoxy radital
NO,) that enhances ozone formation through the intermediate " - X !
cis—trans interconversion and the peroxyQONO, to nitrate,

NO; photolysis. A second pathway (2) has been persistently i N - .
examined that terminates the radical chain reaction and produces ONOz isomerization, as well as the barriers for the radical

alkyl nitrates, acting as NOreservoir compounds: pair CH;O + NO, production. It has been by now well reali_zed
that B3LYP/6-311G-+(d,p) and MP2/6-311&+(d,p) opti-
RO, + NO— RO+ NO, (1) mizations produce unrealistically high barriers for the processes
under consideratiot?. 24 Consequently, they fail to provide
— RONGQG, (2) reliable critical energy results for the calculation of the branching

ratio of nitrate formation, while the modeling of the kinetics of

The pressure and temperature dependence of the branching rati§e reactions between various alkylperoxy radicals and NO,
of the nitrate formation channel and the effect of the substitution tested several times with various parametric schemes, has been
with electron-withdrawing and electron-donating groups upon shown to require the use of much lower barrier vaffe&: More
the branching ratio and the overall rate constant have been thespecifically, Barker and €f:2°have employed master equation
subject of numerous experimental studie¥ They have also models that have been made to reproduce the experimental data
motivated several theoretical investigations of the intermediate for CH;O, + NO,, provided the activation barriers involved
complexes and the mechanism of these reacfitms. remained below the reactants energy level. Zhang €tleve

The important conclusion of the experimental studies is that also confirmed that the fitting of the experimental data for
reaction 2 may account for the observation of small concentra- various alkylperoxy radicaH NO reactions requires low
tions of alkyl nitrates in the troposphere at low-temperature and transition states below both reactant and product radical-pair
high-pressure conditions, produced through a low barrier energies and have suggested the participation of two conformeric
isomerization of the association alkylperoxy nitrite intermediate structures of peroxy nitrite species in the mechanism of nitrate
to the nitrate form. The mechanism of the reaction for example, formation. Finally, Zhao et & using the CBS-QB3 level of
between methylperoxy radicals and nitrogen monoxide has beentheory were able to detect an interesting conformational
suggested to involve the formation of the nascent associationpreference for the homolytic cleavage of the peroxy bond, by
methylperoxy nitrite minimum in two distinct conformeric  computing a lower barrier for the dissociation cis-peroxy
nitrite to radical pair formation than faransperoxy nitrite.

:ﬁg{{&ﬁgﬂ}”&;‘;ﬁors- Their theoretical findings for a favored -@D peroxy bond
* National Institute of Chemistry. cleavage in thecis- rather than in thetrans CH;OONO
8 University of loannina. conformer were paralleled with the matching of the structural
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characteristics of the resultingNO, fragment with the?A;
ground ancB, excited electronic states of free NQespec-
tively.

In this work we have examined the most important stationary
points in the potential energy surface of the £ + NO
reaction, considering in detail all possible channels through both
nascent associatiocis- and trans-peroxy nitrite minima and
using a variety of high-level ab initio techniques to secure a
reliable description of the energetics of the reaction. The
calculations of all the different dissociation channels succeed
to incorporate and unify many mechanistic aspects presented
in previous literature and to confirm the important role played
by the two conformeric minima of methylperoxy nitrite in the
overall mechanism of the reactiéf.

Computational Details

The calculations have been performed using ab initio
and density functional theory techniques, namely the
(UYMP22526and the (U)B3LYP728methods combined with the
6-311++G(d,p) basis set. Minima and transition states were
fully optimized and characterized by harmonic vibrational
frequency analysis. Intrinsic reaction coordinate (IRCjlcula-
tions were used to follow the reaction path in both directions
from transition states, to the corresponding reactant and product
structures. For stable adducts, anharmonic frequencies were CH3;00NO¢p
evaluated at the more economical B3LYP level. The energetics
have been further refined by employing G2(MP2), G3//B3LYP,
and single point CCSD(T) calculatiof$? on the basis of the
B3LYP and MP2 optimized geometries.

All calculations have been carried out with the use of the
Gaussian 03 series of prografis.

Results and Discussion

The optimized structures of stable isomers and transition states
are depicted in Figures 1 and 2, respectively, where it is readily
seen that both optimization procedures, MP2 and B3LYP,
provide consistent results. The zero-point energy corrected
relative energetics are summarized in Table 1 while Figure 3
displays the calculated energy profile.

Deviations between the CCSD(T) and the G2MP2 and G3 CH;00NOz»p
re_Iatlve energetics results are observed in Table 1. The IargeStFigure 1. Equilibrium structures of stable isomers. Selected MP2 (bold
discrepancy amounts to 7.4 a_nd 6.3 kcal mdbr the G?MPZ numbers) and B3LYP (italic numbers) bond lengths (A) are given; a
and the G3 values, respectively. However, the differences complete list of parameters is presented in Table S1 of the Supporting
observed do not affect the energy order and the mechanisminformation.
suggested. Differences between CCSD(T) and G2 calculations
have been obtained in other cases as well, for instance in thedepending on the method employed for the energetics and

study of the CIBrQ systemg? considerably lower than the GBONOcp conformer by 26.5
The discussion on geometrical parameters is based on thekcal moi at the CCSD(T)//MP2 level and 29.2 kcal mbékat
MP2 data. the G3//B3LYP level.
Energy Minima and Isomerization Barriers. As mentioned, Very important features in the potential energy surface are

three stable minima may be located in the potential energy the transition states for thes-perp totrans-perp peroxy nitrite
surface in the reaction G, + NO: The methyl nitrate isomer,  rearrangement and th&ansperp peroxy nitrite to nitrate
CH3ONO,, and the two nascent association complexes, isomerization, denoted hereafter ascpSp and TSno-ng,
CH30OO0NCcp and CHOONGp, i.e., the two conformations of  respectively. The conformational barrier structurecp-$p, has
methylperoxy nitrite, characterized by the two dihedral angles, been described in detail by Zhao ef&lThe associated barrier
7(OONO) andz(COON), equal to 0 and 90for the cis-perp is found to be located at 10.3, 12.6, 11.0, 12.8, and 12.2 kcal
conformer and to 180 and 90or the transperp conformer. mol~! higher than CHOONCcp at the MP2, B3LYP, CCSD(T),
Their structures have been explored in previous studies, andG2MP2, and G3//B3LYP levels of theory, also in excellent
our findings are in excellent agreement with the literature agreement with Zhao et &.evaluation of 11 kcal mol at the
results?>~24 The relative stability of thecis-perp conformer UCCSD(T)/6-3%G* level. This value, although lower than the
compared to thérans-perp form is found to be about 1.5 kcal reactant energy level, represents a significant critical energy that
mol~! at all levels of theory employed, also in good agreement does affect the feasibility of the conformational isomerization
with the literature finding32 The most stable minimum, methyl  between thérans- andcis-peroxy nitrites compared to the other
nitrate, is located at 47-553.8 kcal mot! below reactants reactions open to each conformer, as we shall see below.
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TScp-tp

TS1MmP2 TS2mp2

Figure 2. Optimized structures of transition states. Selected MP2 (bold numbers) and B3LYP (italic numbers) bond lengths (A) are given; a
complete list of parameters is presented in Table S2 of the Supporting Information.

TABLE 1: Zero-Point Energy Corrected Relative Energies, AE (kcal mol~1)2

species MP2 B3LYP CCSD(T/MP2 G2MP2 G3//B3LYP
CH302+ NO 0.0 0.0 0.0 0.0 0.0
CHz:ONG; —64.8 —47.7 —47.5 —54.9 —53.8
CH3OONCcp —30.4 —17.8 —21.0 —26.3 —24.6
CH;OONOp —28.9 —16.6 —19.6 —24.9 —23.2
TScp-tp —20.1 —5.2 —10.0 —13.5 —12.4
TSono-ne 6.6 15.2 —4.8 —8.9 —8.2
TScho —24.0 —9.7 —6.6 —12.1 —10.5
TSIMP2 —28.5 —9.2
TS2VP2 —-17.2 —12.3
CH:0 + NO, —22.0 —15.7 —-11.7 —10.6 —-12.4
CH;O + HONOt —82.2 —65.2 —70.0 —72.1 —70.4

a CCSD(T)/6-313%++G(d,p)//MP2/6-31%+G(d,p) calculations.

The isomerization barrier T8 0-n@ represents the conversion i.e., higher than the reactants b} + NO by 6.6 and 15.2
of CH;OONQp to methyl nitrate. It results from the substantial kcal molt. This is a result that has been reported in the literature
elongation of the peroxy bond by 1.192 A and the simultaneous and has created an erroneous impression about the questionable
approach of N atom to the carbon connected O atom to form arole of the CHOONQp < CH3;ONO, isomerization channel
triangular geometry with the NO forming bond to be 2.623  in the mechanism of the overall reaction. However, the higher
A. The tension associated with the triangular geometry placeslevel methods, as seen in Table 1, decrease dramatically the
this transition state considerably high. The optimization calcula- magnitude of the isomerization barrier and they placeris
tions at the MP2 and B3LYP levels locate di®-nae at 35.5 no only 14.8 kcal mot?! at the CCSD(T)//MP2 level and 15.0
and 31.8 kcal matt, respectively, higher than GBONOp, kcal molt at the G3//B3LYP level higher than GBONQp.
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Figure 3. Overall energy profile calculated at the G3//B3LYP level of theory, with the CCSD(T)//MP2 values in parentheses (top panel) and the
CH3;OONCcp and CHONO, decomposition channels at the CCSD(T)//MP2 level of theory (bottom panel).

Thus, the transition state for thieansperp methyl peroxy More frequently, the activated GBNO, will dissociate
nitrite < methyl nitrate isomerization is lower located than the through the transition state TBIP2 to radical pair formation
reactants by 4.8 kcal mol at the CCSD(T)//MP2 level and  CHzO + NO, that consist the main products of the reaction.
8.2 kcal mot? at the G3//B3LYP level, in excellent agreement Optimization of TSMP2 has been achieved using the MP2/
with the range of the critical energy values employed for the 6-311++G(d,p) procedure, and the calculated imaginary har-
successful modeling of methyl nitrate yieR¥&! Consequently, monic frequency of 204i cm indicates that it is a first-order
whenever stabilization of C#NG; is possible at the low-  saddle point. It is located at 2.5 kcal mélhigher than the
pressure region, the GBONCOp < CH;ONO; isomerization products CHO + NO; at the CCSD(T) level, and thus, it does
channel provides a good mechanism that explains the formationpose a small barrier for activated methyl nitrate dissociation
of small amounts of methyl nitrate detected in the troposphere. although it lies lower than the reactants §£M + NO energy
Reaction Pathways for the CHOONOtp Conformer. It is level. TSMP2 really represents the unstable conformation in
clear from the reaction profile depicted in Figure 3 that the two the course of the reaction between methoxy radical and, NO
conformers once formed behave differently and follow different formed through the approach of the N atom to the methoxy O
production pathways. Théransperp conformer isomerizes atom, and shows large analogies with the loose transition state
through the T8no-na isomerization transition state discussed adduct between OH and NQdetermined by Dixon et & for
above, to methyl nitrate that can be stabilized under favorable HONO, formation in the study of peroxynitrous acid. Here too
temperature and pressure conditions and act as a reservoithe two radicals CED and NQ are weakly bound with the
species for NQ equilibrium distance of the NO bond at 2.895 A, so that the
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process can be considered a fully dissociative one. The energyto each conformer. This is due to three factors: the considerable

required to form the CkD + NO, products is quite high relative  conformational barrier calculated, the direct homolytic dissocia-

to CHsONG;, 35.8 and 41.4 kcal mot at the CCSD(T)//MP2 tion of thecis-perp isomer to form the products @Bl + NO,,

and G3//B3LYP levels of theory, respectively. and the severe lowering of the barrier associated with the
Another reaction pathway available in princip|e for activated isomerization of the trans-conformer to the nitrate isomer. Two

CH3ONO; is decomposition to ChD + HONG products. This  independent pathways (3) and (4) are thus, found to be the im-

process may take place via a planar five-member ring transition Portant reaction channels, both leading mainly to the@H-

state, denoted T$0, that results from the substantial elongation NO- radial pair production

of the O—N bond by 0.574 A compared to GANO; and the

simultaneous migration of a methylic hydrogen to one of the CH;O, + NO — CH,O0NQp — TSono-ng —

nitrogen-bonded oxygen atoms O1 or O2. The forming-G2 CH;ONO, — TSIMP2— CH,0 + NO, (3)

bond distance decreases to 1.262 A, and the migrating H-atom

carbon atom bond length increases to 1.327 A. The normal mode g

associated with the reaction coordinate is found to possess a

harmonic frequency of 1491i cmh. TSchyo is located at 40.8, . . .

38.0, 40.9, 42.8, and 43.3 kcal méhigher than CHONO; at CH,O, + NO— CH,00NCep = TSMP2

the MP2, B3LYP, CCSD(T), G2(MP2), and G3//B3LYP levels CH,O0 +NO, (4)

of theory, respectively, but it always remains lower than the

reactants energy. The exothermicity of the process amounts to Channel (4) has been discussed already by Zhao %t al.

22.5,17.2, and 16.6 kcal mdlat the CCSD(T), G2(MP2), and  Channel (3), however, results from the present CCSD(T),

G3//B3LYP levels of theory. Comparison of the two reaction G2MP2, and G3//B3LYP energy calculations that have sub-

channels open to dissociation of activatedsONO, indicates stantially reduced the isomerization barrieroh®-ne to around

that the critical energy required for G& + HONO formation 15 kecal mof only, i.e., well below the reactant energy and

is higher than TSMP2 by only 2.6 kcal mot! at the CCSD(T) contrary to the B3LYP and MP2 values. Consequently, produc-

level. Taking also into account the large exothermicity of this tion of methyl nitrate is suggested to occur through titaas-

channel, we conclude that there must be a nonnegligible perp peroxy nitrite isomerization, channel (3), if stabilization

probability for CHO + HONO, production. However, dissocia- ~ under suitable temperature and pressure conditions is possible.

tion to radical pair CHO+NO; is clearly more probable. More often, methyl nitrate will decompose into GBI+ NO,.
Reaction Pathways for the CHOONOcp Conformer. Two Decomposition of CEHONG;, into CH,O + HONG through a

reaction pathways are also open for the dissociation otitee ~ Methylic hydrogen migration from the carbon atom to the

perp methyperoxy conformer. One pathway already discussed®Xy9en atoms O1 or O2 and the breaking of the@lbond is

represents the isomerization t@ns-perp conformer through rather unlikely since it is hindered by a energy barrier larger

TScp-tp, which will further follow the fate of thetrans-perp than the decomposition to GB + NO,. o _

methylperoxy nitrite isomer, discussed previously. The second " Summary, the present calculations describe in detail how

important channel involves the breaking of the peroxy bond ©N€ conformer connects dlrectly. to the radical products, while

through the transition state TBP2, leading directly to the  the other connects to both nitrates and radical products,

radical pair CHO + NO, formation. TSMP2 like TSIMP2 providing a quantitative mechan_lsm th_at explains the detection

has been determined only at the MP2/6-3%G(d,p) level, of trace quantities of methyl nitrate in th(_a atmosphere. Th_e

and it also represents a loose structure betweesOChd NQ barriers determlngd for each step are entirely consistent with

through the approach of one of the oxygen atoms of the NO the values used in the parametric s;:lhemes employed for the

radical to the oxygen end of the methoxy species at 1.839 A, successful modeling of nitrate yielé:

The calculated imaginary frequency of 729ichcharacterizes

this structure as a first-order saddle point, and the CCSD(T)

energy locates this transition state at about the same level a

the CHO + NO, products, at~0.6 kcal mot?! below, while

the decomposition process is endothermic by 9.3 kcal Thol

at the CCSD(T) level of calculations. The transition state

TS2MP2is entirely analogous to structure 12 determined by Supporting Information Available: Optimized structures

Zhao et al* although it is found to lie even lower in energy in and harmonic frequencies for all species discussed. This material
the present CCSD(T) calculations and at about the same level. q P )

as the dissociation products, GBI+ NO,. Thus, this reaction is available free of charge via the Internet at http://pubs.acs.org.

channel that represents the lowest energy pathway describe%?eferences and Notes
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formation of the radical pair C# + NO, and reconfirms the

conformation-dependent homolytic dissociation of methyl per-

oxynitrite.
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