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Quasi-classical trajectory (QCT) calculations on a model potential energy surface (PES) show strong deviations
from statistical Rice-RamspergerKasset-Marcus (RRKM) rate theory for the decomposition reaction (1)
CH3OONO* — CH30 + NO,, where the highly excited C}0ONO* was formed by (2) CkD, + NO —
CH;OONO*. The model PES accurately describes the vibrational frequencies, structures, and thermochemistry
of the cis- andtransCH;OONO isomers; it includes cidrans isomerization in addition to reactions 1 and

2 but does not include nitrate formation, which is too slow to affect the decay rate #8@NO*. The QCT

results give a strongly time-dependent rate constant for decomposition and damped oscillations in the
decomposition rate, not predicted by statistical rate theory. Anharmonicity is shown to play an important role
in reducing the rate constant by a factor of 10 smaller than predicted using classical harmonic RRKM theory
(microcanonical variational transition state theory). Master equation simulations of organic nitrate yields
published previously by two groups assumed that RRKM theory is accurate for reactions 1 and 2 but required
surprising parametrizations to fit experimental nitrate yield data. In the present work, it is hypothesized that
the non-RRKM rate of reaction (1) and vibrational anharmonicity are at least partly responsible for the surprising

parameters.
Introduction RO, + NO — ROONO* (1)
The reaction of peroxyl radicals with nitric oxide is excep- ROONO*— RO+ NG, 2)
tionally importgnt_ in the chemistry _of Earth’s_ tropospher(_a, ROONO*— RONO* 3)
because the principal result is conversion of relatively unreactive
RO; radicals (R= H, organic) to highly reactive RO radicals, RONQ,* — RO+ NO, 4)

accompanied by conversion of nitric oxide, which does not * .
directly absorb sunlight at Earth’s surface, to NGvhich RONG,* + M —RONG, + M (5)
directly absorbs sunlight and photodissociates to produce Odd The asterisk (*) denotes vibrationally excited species, M is a
Oxygen (Q = O + Oz). This reaction constitutes the principal collision partner, and collisional deactivation of ROONO* also
chain-propagation step of the atmospheric photochemical cycletakes place but is not shown. Production of RONO; is

that controls ozone. A curious second pathapduces nitrates ~ dominant under most conditions, but yields of organic nitrates
(RONGQ), which are also produced by the reaction RONO,. (RONG,) become significant at higher pressures, at lower
This pathway is essentially negligible for small R groups but is temperatures, and for larger organic grotfpS.Because of their

a third or more of the total reaction yield for large R groups at importance to atmospheric chemistry, these reactions have been
low temperature and high pressure. Nitrates are relatively inert Studied very intensel}Z1> Recently, the reaction system has
and comprise perhaps the most important sink fox R@icals also become a test-bed for understanding the structure, spec-

- . ) 7
(HO, HO,, RO, and RQ) in the polluted troposphere. Because troscopy, and reactivity of the ROONO intermediat&s.

of chain termination, the steady-state atmospheric ozone levels Th_e purpose of the present work is to propose a possible
" ; . solution to a conundrum that arose from theoretical attempts to
are very sensitive to the reactions that produce nitrates. Large

" f L duced f bi Z~explain the experimental organic nitrate yields in the,RO
quantities of organic nitrates are produced from DIOGeNiC N yeactions. Two recent multiwell, multichannel master

—5 i i . . . . -
hydrocarbons.* Secondary organic aerosol formation comes ¢ ation simulations of these systems were successful in fitting
about from semivolatile reaction products, including nitrates eyperimental data on organic nitrate formation, but both sets
produced via this routé:® of authors pointed out that the fitting parameters are surprising

A schematic potential energy surface (PES) for the reaction and possibly unphysicéf.3>
system is shown in Figure 1. Ignoring conformeric isomers, the _In the master equation simulations carried out by one of us
generic chemical mechanism is given by the following set of (Barker etaf), the reaction was modeled along the lines shown
by reactions %5. It was only reported laté26that the cis and
trans isomers of ROONO (referring to the OONO conformation)
react in somewhat different ways, but this omission did not affect

um*icThoe\(’ijTom correspondence should be addressed. E-mail: jrbarker@ the major conclusions of the study. The simulations were based

* Present address: Department of Chemistry, University of Montana, ON three important assumptions: (a) that statistical Rice,
Missoula, Montana 59812. Ramsperger, Kassel, and Marcus (RRKM) thédri? is ac-

reactions:
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CH30, + NO

Schematic PES

CH40 +NO,

_ _CHz0+NO,

Model PES

cis-CHSOONO

Figure 1. Schematic depiction of the entire potential energy surface as currently understood and of the model PES used in the present calculations.
The question mark emphasizes the uncertainties associated with understanding the isomerization readtiansf@&isOONO to the RONQ@

and the dashed line shows the possible direct connection to the dissociation products. The energies, expressed in units &fdaaaniviclude

zero-point energy.

curate; (b) that structures and harmonic vibrational frequenciesjustified; and (f) the isomerization barrier height depends on
from electronic structure calculatiolrovide accurate sums  the identity of R for small groups but is independent of R for
and densities of states for the RRKM calculations; and (c) that larger groups. To satisfy their assumption (d), they adopted very
the ratio of dissociation and recombination rate constants is slow rate constants for reaction 2, which controls the lifetime
described by the thermodynamic equilibrium constant. Reaction of ROONO?*, even though the resulting rate constants do not
energies were adjusted to fit experimental bond dissociation satisfy the corresponding thermodynamic equilibrium constant
energies, and for reactio3 a range of energy barriers and and association rate. Even with these assumptions, artificially
A-factors was investigated, because the electronic structurehigh pressures were needed to match the experimental yields
calculations appeared to be untrustworthy. With these assump-of RONG,, as they pointed out.

tions, the predicted lifetimes of the ROONO* intermediate are ~ Both master equation simulations were quite detailed and the
so short that they do not experience any collisions at atmosphericextensions and many of the additional assumptions made by
pressure. Consequently, pressure effects can only occur ifZhang et aP® are reasonable. Although the philosophical

collisional deactivation occurs exclusively in the RON&ell.
Because the lifetime of excited RON® very long, the value

of the energy transfer paramete\AE> 4own Needed to fit the
data is unusually small. This result led Barker et al. to conclude
that either the experimental yield data were in error or that there

was some unrecognized deficiency in theoretical understanding.

Subsequent experiments by Aschmann ét abnfirmed earlier
experiment§~47 from the same laboratory and ruled out
experimental artifacts.

Zhang et aP® built their master equation simulations in part
on some of the results of Lohr et ®land Barker et at* but
also included the difference in reactivity of the cis and trans
isomers of ROONG>26 They made several major assump-
tions: (a) statistical RRKM theory is accurate; (b) otigns
ROONO can isomerize to form RONGnd onlycisROONO
can dissociate to RG NOy; (c) cis—trans isomerization is
negligible; (d) the pressure dependence of the RQNENds is
mostly due to collisional deactivation afansROONO* in
addition to deactivation of RON®; (e) electronic structure
calculations for the isomerization reaction are totally unreliable,
and a completely empirical model for the transition state is

approaches differed, both were state of the art simulations.
Although both simulations were able to fit the experimental data
on RONQ yields, it was pointed out in both studies that some
unknown fundamental feature was missing from the theoretical
models. Both groups subsequently reported master equation
simulations on nitric acid formatio#;3248put those studies are
not the principal focus of the present paper.

The present work was motivated by the hypothesis that
because of slow intramolecular vibrational energy redistribution
(IVR), reaction 2 is slower than predicted by RRKM theory,
which was assumed to be correct in both master equation
simulations. If the lifetime ofcisROONO* is longer than
predicted by RRKM theory, then cidrans isomerization,
collisional deactivation, and isomerization to the nitrate will be
more competitive with reaction 2. The lengthening of the
lifetime would have the same effect as the assumption of slow
dissociation made by Zhang et3l.

In the following, we present classical trajectory calculations
for the CHO, + NO reaction that clearly show non-RRKM
features and quantitative disagreement with RRKM theory.
These results support our hypothesis that RRKM theory fails
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for this system, but the calculations also show that anharmonicity and harmonic vibrational frequencies fois- and transCHs-
plays perhaps an even greater role in slowing the unimolecular OONO from Lesar et & and the thermochemical values from
rate constant. These conclusions must be regarded as tentative,ohr et al33 were used as the basis for the PES. The torsional
however, because of the approximate nature of the model PESpotential energy barriers (Table 1) for internal rotation about

used in the present work. the OO, NO, and OC bonds were computed at the B3LYP/6-
311++G** level of theory using theNWChemcomputer
Methods progrant’ by freezing only the dihedral angle of interest and

optimizing all other internal coordinates.

To test our hypothesis, we carried out quasi-classical trajec- " 1q regulting analytical PES for GBONO consists of five
tory (QCT) calculations and classical microcanonical variational \;4-se oscillators for bond stretching, five harmonic bends, five

transi_tion state theoryd_/TST) calculations on the modeI_PES dihedral angles (for torsions), and van der Waals nonbonding
described below (see Figure 1). Because RRKM theory is based, .o o tions for atoms separated by bonds. The potential

on uVTST, a significant difference between the QCT and gnqrqy function is given by eq 6, and the corresponding
uVTST results on the same PES signals a breakdown of RRKM parameters are listed in Table 1.

theory. The thermochemistry of theRalkyl systems is almost
independent of the size of the alkyl group and differs from that
of the R= H systen?3 Because Chlis the s!mplest alkyl group, V=Dyo[l— exp_BNOa(rNOa_rRlOa)]z +
we chose to use R= CHjs for our calculations. a

Model PES. The model PES was constructed by neglecting Droll — exp_ﬁNOb(rlNob_rR‘Ob)]z +
several reactions. For the purpose of this test, reaction 3 was ’ ouitbo-rSan2
neglected, because it is much slower than reaction 2 under all Dooll — exp "o oo -

conditions and is therefore not important in determining the rate
of decay of ROONO*. Furthermore, it is convenient to neglect
reaction 3 because its mechanism and transition state are still
the subject of considerable debate. Electronic structure calcula-
tions on this system are very demanding, but two different
mechanisms for reaction 3 have emerged. Dixon é? ahd }f S )S(rj NG —6° 0)2 +
Zhao et aP5 did not identify a specific transition state for ONO=VNo,/ TV NO/HONO - WON
reaction 3, but argued that it occurs via a frustrated dissociation 1

of the RO-ONO bond (on the way toward the R® NO; ~ fnooXno) r o) (Onoo — 0200+
products). Essentially, the REGNO bond elongates but does 2

DCO[l _ exp*ﬁco(rco*rgo)]2 +
3 :
DCH[l _ exp*ﬂCH(rCH—f%H)]Z_’_

not completely dissociate. While the bond is elongated, an

z 0 32

internal angular motion lines up the O-atom with the N-atom ZfOOCS(rCO)S(rOOxOOOC fo0d” +
and RO-NO; is formed. Chen et al. have observed this type of 3 q
isomerization in trajectory simulations of the O NO; Zf r oo . — 0% )2
reaction on a very complete PES calculated using density ;2 ocred)Arer)(Pocn oct)
functional theory?’ 3 _ _ _

A second isomerization pathway has been identified that z — Frienren) e Ohen — %) +
connects the trans isomer to the nitrate. This pathway has been 5]
reported by Ellison et al. for the F& NO reaction (which is 3 K
isoelectronic with H@ + NO) and by Lesar et &P for the — o) o) ool + cospr, — yD]+
CH30; + NO reaction (also see ref 51). Both studies have a2 NO Y NOy 0o LN
identified specific transition states. Ellison efakxplain their 3 K
transition state with a curve-crossing model and argue that its 2 r r r M+ coshr. — v + c.+
energy must be above the RONO, asymptote. The transition -~ Lo ) Lo Areoll br, =2l +
state reported by Lesar et®lfor the CHO, + NO reaction is s 3 |
consistent with that argument. However, Zhang et and 3 " . "
Zhang and Donahdg&argue that their model is unable to explain Z Z‘ 2 SUSEUSE CHi) X
the experimental data unless the transition state energy is = N
considerably below the energy of R®NO,. Note that Zhao [1 + cosbr; — y3)] + Enonponded (62)

et al2>found an intrinsic energy barrier between the trans isomer

and the RO+ NO, products but did not locate the pathway Where theS(r) terms in eq (6a) are switching functions defined
that leads to the nitrate. Considering these controversies anddy

the difficulties in building a PES that would include reaction 3

and recognizing the fact that reaction 3 is too slow to S(rij)=exp[—C(rij - ri(]-))] (6b)

significantly affect the lifetime of ROONO*, we chose to neglect

reaction 3. In eq (6b), C is the attenuation constant, arr@ is the
The model PES was constructed by using the standardequilibrium bond distance between atoimandj.

analytical potential energy functiotfsncluded in a version of A schematic energy diagram is shown in Figure 1. Note that

VENUS96® which has been customized by our group to include both cis- andtransCH;OONO have two chiral stereocisomers
additional attenuation functiort4:56 Initial estimates for pa- (like hydrogen peroxide) and thus there are two transition states
rameters were taken from many sources, including electronic of nearly equal energies for the eigans isomerization,
structure calculations, measured thermochemistry, and otherdepending on whether the terminal O-atom rotates out of the
PESs. Many of the parameters were optimized using a nonlinearOON plane toward or away from the Gigroup, which is nearly
least-squares routine. In particular, the equilibrium geometries perpendicular to the OON plane.
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TABLE 1: Potential Energy Parameters for the Model PES TABLE 2: Vibrational Frequencies (cm~?) of cis- and
trans-CH3;OONO
parameter value parameter value
Dno?  115.0 kcal mot? Aol 370.97 mdyn Alrac? Cis-CH;OONO trans CH;OONO
Dno,? 26.3 kcal mof? Aco 632.78 mdyn Alrac? B3LYP2 B3LYP2
Dod® 158 keal mat? Aon  36.07 mdyn Alract /6-3114++G(d,p) model PES /6-311++G(d,p) model PES
Dot 56.9 kcal mot? Avo 592.47 mdyn Alrac?
Dcid 102.7 kcal mot? Acy 972.33 mdyn Arac? 63 64 91 81
Brnoss 2.906 A1 Ann 60.66 mdyn Rrac? 190 192 187 182
Prnot 2.889 AL Bod" —17.65 mdyn AZrac? 285 286 209 193
Boo 2.289 At Bco —19.59 mdyn A%/rac 320 307 371 303
Bco® 2375 A1 Bow —2.88 mdyn A%rac? 433 416 410 430
Per 1.898 At Bno —21.16 mdyn A2lrac? 512 533 511 509
fono® 1.606 mdyn A/ra%i Ben —23.03 mdyn Azlradz 781 778 752 645
fnoo 1.781 mdyn A/rad Bn —3.54 mdyn AZrac? 929 033 971 959
fooc 1.143 mdyn ﬁ\jra?ﬁ ,Eloa. 1.1593})§ 996 981 1011 993
foc  0.847mdyn Alrad Mo, L4718 1164 1141 1164 1141
ficw 0497 mdyn Arrad o 1.433A 1205 1162 1210 1161
i 0.20 kcal mott rOCO 1.4308 A 1448 1445 1443 1445
2 13.0 keal mot? i, 1.092 A 1465 1445 1464 1445
K 1.13 kcal mot® 0o 115.28 1503 1581 1503 1581
1 180.0 degrees (for ali) ggoo 112.48 1787 1794 1798 1780
d oscomkamor e 1077 3027 3001 3022 3001
(5 5.67642 keal moft o 1095 3128 3122 3127 3122
K 1.3131 kcal mott 0 109.5
” 0.0 degrees (for al) 7 ~0.02 aHarmonic frequencies from Lesar et &.who also give mode
5 .
a ~5.14707 kcal moit 7 180.0 assignments.
0.0 kcal mot?t 60.0° . . .
g 0.0 keal mot Zs _60.0° TABLE 3: Vibrational Frequencies (cm™1) of Reactant/
3 : 4 ) Product Species Computed on the Model PES
kgg 0.7146 kcal mot? Ts 109.4
o0 0.0 degrees (for all n) at 20A NO: 1752
3 NO.: 559, 918, 1776
aFrom Bensorf® who was cited by Preiskorn and Thompsén. CHs0: 954, 1131, 1131, 1436, 1436,
bBased onD, computed by Lohr et & °From Preiskorn and 1581, 3001, 3121, 3121
Thompsorf! 9From McKee?? €The selecteds; and all fy values CHO2: 214, 379, 549, 972, 1138, 1161,
were obtained after initializing a nonlinear least-squares routine with 1445, 1445, 1581, 3001, 3121, 3122

values from Preiskorn and Thomps®Bn'This work. The torsional
potential energy profiles were fitted using the torsional potential energy usually set equal to its zero-point energy (2.5 kcal Thoénd
functions in eq 1. Barriers to internal rotation: 13.5, 12.0, and 3.25 up to 30 kcal mot? of vibrational energy B2, distributed
keal mol* for the ONOO, the NOOC, and the HCOO dihedral angles, - mjcrocanonicall§® in CH3O,, which has a zero-point energy
aegzegtlt\)/eg.gtlﬁ IS theb bar?er to |r|1te;r|1_?cl:rooéa(tj|_c;]n (53'|25 k%{nb' of 25.9 kcal mot? (see Table 3 for the vibrational frequencies
viae € numper or equivalen Inearal an ues .
from theyAlsllBEF«BB force figld. iEquilibrium values us%d in the of reacta_nts and products_ on th_e model PES). We used .thls
simulations. method instead of quasi-classical normal mode sampling
(another option IVENUS96 because we wanted to systemati-
The model PES is in reasonable agreement with electronic cally reduce the initial vibrational energy below the zero-point
structure calculations and thermochemistry for the reaction. Forenergy to see if any non-RRKM effects disappear at lower
example, the equilibrium geometries and vibrational frequencies energies. The translational and rotational energies were chosen
(Table 2) for ciss and transCH3OONO are in excellent  from Boltzmann distributions at 300 K. The maximum impact
agreement with the calculated values from Lesar eéfalhich parameter was set at 6 A, where the integral reaction cross
were the basis for the PES. The calculated harmonic vibrational section has converged t05% of the asymptotic value. Batches
frequencies for NO, N@ CH;0O, and CHO, computed on the of 1(P trajectories were run. The initial distance between the
model PES (Table 3) are in reasonable agreement with previoustwo reactants was 10 A, and the trajectories were terminated
work (for example, see Barker et¥). The thermochemistry  after the two products were 10 A apart.
(Figure 1) is in excellent agreement with the results of Lohr et  For the purpose of comparing the trajectory andTST
al3 and shows that nascent chemically activated ROONO* results, it is convenient to use the active energy in the nascent
possesses nearly twice as much energy as needed to break theomplex. The “active” energy is the energy that, according to
O—0 bond. A minor deficiency is the absence of the small RRKM theory, can be randomized in the complex. The total
intrinsic energy barrier (i.e., the local maximum on the PES) excitation energy in a nascent @BIONO complex originates
for transs CH;OONO — CH3O + NO,. from the vibrational and rotational energy of the reactants, the
It is important to note that in the present model PES, all of one-dimensional relative translational energy, and the reaction
the attenuation constant€)(in eq 6b and Table 1 were setto exothermicity. For an ensemble of trajectories for this system,
C = 2.0 A%, because QCT calculations using that value the sum of the average thermal translational and rotational
produced capture rate constants in fair agreement with typical energies is BRT. The active energy does not include two
experimental rate constants for R® NO reactiong?415Thus, rotational degrees of freedom of the complex that are needed
the present model PES is reasonable, but a more accurate PE® satisfy conservation of angular momentum. These two degrees
can only be constructed by carrying out many more electronic of freedom contain~RT of rotational energy, giving a net
structure calculations to determine the individual attenuation contribution of ~2RT of active energy from the relative
constants. translation and rotations. When this energy is combined with
QCT Calculations. The bimolecular collision trajectories  the initial vibrational energy in the reactants and the reaction
were initialized with vibrational energyEE,o) in the NO exothermicity, the active energy is(2RT + Eﬁo + Egoo +
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26.3 kcal mot?) in nascentis-CH;OONO and 1.4 kcal moft wherep(X) is the rovibrational density of states for the reactant
lower in transCH3;OONO. WhenEgOO = 30 kcal moi?, the at energyx, G\tr(x) is the rovibrational sum of states of the
nascent active energy is60.0 kcal mot! and ~58.6 kcal transition state;andm® are, respectively, the number of optical

mol~%, for cis- and trans:CHsOONO, respectively, measured isomers for the reactant and transition statg; and o, are

from the minimum of the potential in each well. Note that the external rotational symmetry numbers for the reactant and
initializing the trajectories with exactly the zero-point energy transition state, ande and g. are the electronic degeneracies

(E3oo = 25.9 kcal motl) would produce 55.9 kcal mot of the reactant and transition state, respectively. In the present

active energy excitation in tt@sisomer. The figures are labeled  work, we assume that the reactant and transition state have equal

with the active energy in the nascegis isomer. numbers of optical isomers, equal symmetry numbers, and equal
We considered only the lifetimes of GHHONO* that formed electronic degeneracies.

complexes between N@ CH;0; and that dissociated to NO To calculate the sum and density of states, vibrational

+ CHzO after =3 classical turning points of the GB,—NO frequencies, moments of inertia, and potential energy along the

center-of-mass distance. Most calculations were carried outreaction path are required. The reactant and transition state for
without distinguishing betweecis- andtransCH3;OONO, but reaction 2 were modeled as a collection ®findependent
in one batch of trajectories the OONO dihedral angle was classical harmonic oscillators and free rotors to obtain the
calculated, enabling us to make that distinction. The lifetimes microcanonical rate constami(E,J), which also depends on the
of the complexes were recorded as the time during which both quantum numbed for total angular momentum. This approach
the newly formed &N bond length and the old ©©O bond often gives accurate results, when compared to more flexible
length were<2.5 A. This criterion is arbitrary, but tests showed models2-64 To computek(E,J) usinguVTST, we first deter-
that the results are not affected significantly as long as this mine the vibrational frequencies, moments of inertia and
critical distance is greater than2 A. potential energy along the reaction path using the canonical
From the lifetime data, “survival probability” plots were variational transition state module included\iENUS96
constructed by plotting the fractional number of undissociated  The rotational energy of the system along the reaction path
complexes as a function of time after their formation. RRKM is approximated by the “almost symmetric top” treatment for
theory predicts that the population of a monoergic ensemble of which the rotational energy is given ¢
complexes should decay exponenti&flyit is convenient to

defin? an eﬁelzzctive fi(;st-orderlratebc%qstant for the decay of E.(1K) (1 N 1) [J3+ 1) — K . K2h2 ©)
opulation ,D) and survival probabilit K)=|-T17
pop N(E.D) p y r Lo, 1672 872l
d In[P(E )]
ket(Et) = — g ) wherel, andly, are the two nearly equal moments of inertia,

is the moment of inertia for the K-rotor anlandK are the
where P(E,t) = N(E,)/N(E,0) is the survival probability as a  rotational quantum numbers.
function of excitation energy and time, andg(E,t) is the We consider two of the many possible approah&sfor
effective rate “constant”, which may be a function of time. For modeling energy exchange between the active K-rotor and the
a pure exponential decaler(E) is independent of time. For  vibrational degrees of freedom. In Method I, we assume that
the present QCT calculations, the ensemble of nascent com-the K-rotor exchanges energy statistically with the vibrational
plexes is described by a nearly monoergic chemical activation degrees of freedom in both the transition state and in the excited
distribution38-43 Liu and Barke?® confirmed that the nascent reactant with no restrictions on the amount of energy resident
energy distribution of complexes calculated WENUS96is in the K-rotor. According to this method, the rovibrational
essentially exactly equal to the one calculated using statisticaldensity of states of the reactant is the convolution of the
unimolecular rate theory. Thus, the survival probability curve vibrational density of states and the density of states of the
obtained for a given active energy can be used to obtain K-rotor and is given by

Keft(E.1).
Trajectory simulations were also carried out by using micro- E-EQ) Xt
canonical normal mode samplffgf energy in the CHOONO* pl[E—EQ] = J, —— X

S

excited complex. The rate constam.&{E)) describing the (s—1)! ho,

initial decay of the complexes initialized using the microca-
nonical energy distribution corresponds to statistical RRKM _12
theory and directly incorporates the effects of anharmonfeity. {B[E — E(J) — X} dx (10)

If IVR is rate limiting, the initial microcanonical distribution

relaxes to a new steady-state distribution, and the correspondingVhereE is the total energyi=(J) is theJ-dependent component
unimolecular rate constarts{E). Given enough time, the ©f the rotational energyB is the rotational constant of the
intramolecular energy distribution is expected to relax to the reactant, the quantitff — E,(J) is the total active energy in
steady-state distribution, regardless of how the complexes arethe reactant, and is the number of harmonic oscillators in
initially excited. Thus, one expectes(E,») from complexes  the reactant{ = 18 for methyl peroxynitrite). Similarly,

initially formed by chemical activation to equiit{E) from the rovibrational sum of states of the transition state is given
complexes initially formed with a microcanonical energy by
distribution. -
Harmonic «VTST Calculations. According to statistical T t tomnq . E-VI—ENQ) X
RRKM rate theory?®43 the rate constark(E,J) is given by GuE-V —EQI= J, —; =
(s— 1) hy,
1 M’ Oext gl G\Tr[E -V- E:(‘J)] = I
KED=H1m | g ®) t t_ gt -1/2
himgl |9 plE—EQ)] {B'E—V'— E/(9) — ]} dx (11)
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Figure 2. Survival probability curves for various active energies of
the nascent CEDONO* formed by the recombination reaction.

whereB is the rotational constant for the transition st&H,J)

is the J-dependent component of the rotational energy for the
transition statey" is the classical potential energy at the position
of the transition state (the zero of energy is at the bottom of the
potential well),s = 18, and the quantitfg — VI — EI(.J) is the
total active energy in the transition state.

To determinek(E,J) variationally for fixed energyE and
angular momenturd, we determine the point along the reaction
path that gives the minimum rovibrational sum of states
according to eq 11, and then complt&,J) using eq 8. This
protocol for computing(E,J) is referred to as Method 1.

According to Method Il for treating the active energy in the
K-rotor, theK quantum number is limited to the rangd < K
< J, as required for rigid rotor€:%7 According to this method,
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Figure 3. The results from Figure 2 shown on an expanded scale.

shown on a semilogarithmic scale in Figure 2. The first 1 ps of
the survival probabilities is shown on a linear scale in Figure
3.

In Figure 2, all of the survival probabilities decay rapidly at
early times and more slowly at later times. In Figure 3, a short
delay time is apparent, followed by a decay that resembles a
damped oscillation. The short delay time is mostly due to the
decision to start the clock when the newly formee® bond
is 2.5 A. At 300 K, the average initial relative speed of the
RO, and NO is~3.7 A ps L. The short delay time is-0.1 ps,
which corresponds to a distance ©0.4 A in the absence of
intermolecular forces, which are small at these distances.
Therefore, starting the clock when the new bond shortens to
~2.1 A would eliminate the delay time if all of the collisions

the sum of states of the transition state and the density of stated00k place at the average initial speed. This distance is consistent

of the reactant are given by

J
GWEJ= 5 GUE-V -EQK)] (12a)
K=—J
J

pEI= > plE—EQK)

K=-J

(12b)

With both methods of treating the active K-rotor, théTST
rate constank(E,J) is determined for fixed andJ by finding
the minimumG\Tr(E,J), which is given by eq 11 or 12a, and
computingk(E,J) using eq 8. With both methods, the average
rate constant for the thermal rotational distributiG{E,J)C] is
approximated by usin@(E,J)0~ k(E,[J0) with <J> = 27, the
average value at 300 K.

Results and Discussion

QCT Calculations. Using the protocol described above,
batches of trajectories were carried out with initial vibrational
energies in the CpD, reactant ranging from 0 to 30 kcal mél
Most runs included zero-point energy in the nitric oxide, but to

with our tests, which showed that the results were not affected
significantly for distances2 A. Considering the distribution
of initial speeds, the observed brief delay and the initial shape
of the survival probability curves is quite reasonable. At slightly
longer times, however, the curves are more surprising.
Immediately after the short delay, all of the survival prob-
ability curves show a sharp decay, followed by a brief tendency
to level off, which is then followed by a more rapid decay that
tends toward an exponential at longer times. The initial sharp
decay has almost the same slope in all of the plots, showing
that the initial rate of decay is rapid and almost independent of
the active energy in the system. The initial valuekgf(E,0)
calculated using eq 6 to fit the survival probabilities over the
time period from~0.15 to~0.25 ps is shown in Figure 4 for
all of the active energies. After several picoseconds have
elapsed, the decay of each survival probability curve seems to
become exponential. These “final” valueskgf(E,») are strong
functions of energy: the highest energy system (60 kcal#hol
decays more than 100 times faster than the lowest energy system
(27.5 kcal mot?), as shown in Figure 4.

A single batch of trajectories was calculated in which the

reduce the active energy still more, some runs were carried outOONO dihedral angle was evaluated. This enabled us to identify

with no initial vibrational energy in the nitric oxide. The active
energies investigated range from 27.5 to 60 kcalthaAbout
4—7% of the trajectories in each batch of1fesulted in
formation of a highly excited CE¥OONO* complex, very nearly

the cis and transCH3;OONO isomers separately. The results
showed that the fraction of complexes initially formed was
almost equal for the two isomers (52% cis and 48% trans).
Furthermore, the cistrans isomerization reaction was so slow

equally distributed between the cis and trans isomers. From thethat only 10-15% of the complexes isomerized. This result is

lifetimes of the complexes in each batch, survival probability

consistent with the relatively slow rate constants for isomer-

plots were constructed as described above, and the results ar&ation computed in both of the master equation simulations
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the IVR rate. We speculate that replacing the methyl group with
an H atom (i.e., peroxynitrous acid), will result in more
prominent oscillations in the reaction rate.

Chemical activation is well known to produce non-RRKM
kinetics® 77 This is because of the excitation energies, which
are often extremely large, and because the nascent distribution
of excited species is confined to a very limited region of the
available phase space. Often, the reaction rate is faster than
predicted by RRKM theory®3°but it has been suggestédhat
an upper limit ofknax ~ 2w*c exists to the rate of reaction
(wherew* is a characteristic reciprocal wavelength (wavenum-
ber) related to the reaction coordinate arisl the speed of light),
regardless of the excitation energy. With this assumption, the
present results fok(E,0) are consistent witlv* ~ 300—400
cm™%, in good agreement with the period of the damped
oscillation observable for the cis isomer.

In this hyperdimensional system, it is very difficult to track

Figure 5. Survival probability curves for the individual chemically
activated isomers of nascent gBONO* formed by the recombination
reaction.

the energy flow. We attempted to do so by monitoring the mean-
square displacement of several individual bonds i C—-0O,
new N—O, O—0) over time. Our group has previously used

mentioned earlie?435 The survival probability curves for the  this method successfully to monitor the vibrational energy in a
two isomers (Figure 5) show that they behave much like each bond>*~>¢ Unfortunately, the results obtained for GBONO*
other, although they differ somewhat during the “damped are too noisy to allow for interpretation. This is because the
oscillation” that takes place during the first picosecond. The €excited molecules react so quickly that the number of surviving
fact that both isomers show that oscillations and isomerization complexes is too small to provide good averages.
are not very important suggests that the general results of this In any event, the dramatic time-dependence of the effective
study are not affected by the absence of the intrinsic barrier to rate constant is quite different from RRKM theory predictions.
decomposition ofranssCH;OONO on the model PES. The damped oscillation is also not predicted by RRKM theory.
In Figure 5, the cis isomer clearly shows damped oscillations Both of these phenomena are evidence for non-RRKM dynamics
with a period of~0.1 ps, which corresponds to a vibrational on the model PES.
frequency of~330 cnt™. This is about equal to the second and To test whether the ROONO dissociation is an “intrinsic”
third lowest vibrational frequencies @is-CH;OONO (see Table non-RRKM reactioPP and to assess the effects of anharmonicity,
2), but considering the strong anharmonicity that accompanieswe calculated batches of trajectories initialized with microca-
bond-breaking it could be associated with any of the vibrations. nonical energy distributions igiss=CH;OONO. The resulting
Interestingly, the trans isomer shows nonexponential decay butpopulation decays showed a fast transient followed by a nearly
only a hint of oscillation. In addition, the trans isomer reacts a exponential decay, as shown in Figure 6. The brief delay times
little slower than the cis. Both minor differences could be in Figure 6 are due to the criterion for dissociation: the@
explained if energy is transferred by IVR from the new bond bond length>2.5 A, as discussed earlier in the context of
to the methyl group vibrational modes more rapidly in the trans capture and dissociation. The initial rate const&y.{E)
isomer. The low vibrational frequencies of the two isomers are corresponds to the initial microcanonical energy distribution.
very similar except for the third lowest frequency, which is 93 The nonexponential decay is due to rapid relaxation of the initial
cm~1 higher in the cis isomer (286 versus 193¢ and the microcanonical energy distribution to a steady-state intramo-
eighth lowest, which is 133 cm higher in the cis isomer (778  lecular energy distribution with corresponding decay rate
versus 645 cmb). It is possible that these differences affect constanks{E). This is the signature of an intrinsic non-RRKM
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comparison with the QCT results. At the three energies at which
kucar(E) could be determinedka(E) is approximately 1 order
of magnitude larger. This difference is due to vibrational
anharmonicity and to the neglect of the conversion of the
“disappearing vibrations” into rotations, as described above.
Vibrational anharmonicity is expected to increase in both the
density of states of the reactant and the sum of states of the
transition state, but the latter effect dominates because of the
higher active energy in the excited reactant. If hindered rotors
had been used to calculate the sum of states,kh&k) would
likely have been a little larger, increasing the difference between
knalE) andk,caE). Therefore, we conclude that anharmonicity
is probably responsible for the approximately order-of-
magnitude difference.

At high energies, the picture is quite different. At high energy,
the <kef(E)> from QCT calculations is~2.3 pst atE = 59
kcal molL. In contrast, thek(E) from uVTST is ~14 ps! at
the same energy. This value is more than twice as large as the
fast initial kett(E,0) at that energy and six times as great as
<kett(E)>. Thus RRKM theory overestimates the dissociation
rate constant at energies corresponding to the zero-point energy
: of the reactants, and the discrepancy grows as the energy is
45 5.0 further increased. This adds to the other dynamical evidence of

CH,0---ONO Center-of-Mass Distance (A) non-RRKM behavior.

1000+ -

100+
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Conclusions

The central conclusion from this study is that the population
of highly excited CHOONO* complexes formed by chemical
activation decay rapidly by non-RRKM kinetics. Two charac-

) 1 teristics of the decay support the conclusion that RRKM theory
constantks{E) was obtained by fitting the decay curves to an s inaccurate for this system. First, the rate constant for reaction
exponential over the next90% of the population decay. These s initially very large, but decreases by orders of magnitude as
rate constants are shown in Figure 4. At lower energies, the time progresses, while RRKM theory predicts a time-indepen-
initial nonexponential transient is too brief for accurate deter- gent rate constant. Second, during the first picosecond the
mination ofk,caE). Inspection of Figure 4 shows that the ratio  hopylation decay behaves like a damped oscillation, instead of
Kical E)/Ks{E) is ~2.7, |nd|cat|ng tha’[.S|.0W IVR significantly e exponential decay predicted by RRKM theory.

reduces the rate constant for dissociation. Chemical activation systems are well known for producing

The steady-state rate constant following microcanonical non-RRKM kinetics. This comes about because the nascent
excitation ks{E), tends to fall belovker(E,») (steady-state rate  population of excited molecules has a large amount of energy.
constant following chemical activation) by about a factor of we surmise that damped oscillations are observable in the
~2-3. This minor discrepancy may occur because the initial present work because the nascent molecules are formed in a
chemical activation distribution did not fully relax during the narrow energy distribution and in a restricted range of initial
simulations, while the initial microcanonical distribution does geometries. We speculate that the oscillations will be more
not require as much time to relax. prominent if the methyl group is replaced by a single atom, as

Harmonic uVTST Calculations. These calculations were  in peroxynitric acid (HOONO).
carried out according to the protocols described above. The first A second important conclusion from this study is that
step in the procedure was to U$ENUS9@0 find the steepest  vibrational anharmonicity associated with the highly excited
descent path or minimum energy path (MEP), in mass-weighted ROONO* complex is very important in increasing the density
Cartesian coordinates. Principal moments of inertia and har- of states and hence reducing the rate constant well below
monic vibrational frequencies normal to the MEP were calcu- kn,(E). These results provide a physical rationale for using
lated using the modules MENUS96 The vibrational frequen-  slower rate constants for decomposition of ROONO in master
cies are shown in Figure 7. In the figure, the “disappearing equation simulations. Zhang et3lused extremely slow rate
frequencies”, which are associated with the five relative constants for ROONO decomposition to better fit the experi-
coordinates (not including the-@D bond stretch) between the  mental data, but they could not provide a physical justification.
RO and NQ, are clearly approaching zero as the center of mass Barker et af* used more conventional decomposition rate
distance increases. The near-exponential dependence at longafonstants (including some anharmonicity) but were able to fit

Figure 7. Vibrational frequencies orthogonal to the reaction path on
the model PES.

reaction®® Rate constank,c.{E) was obtained from the slope
of a straight line fitted to the initial brief transient and rate

range is very similar to the that found in other systéinas
first pointed out by Quack and Tré@Although the disappearing
frequencies correlate with the rotations of the RO and,NO

the experimental data only by using unphysically small energy
transfer parameters. Increasing the lifetime of ROONO* will
tend to make collisional deactivation of ROONO* more

they are treated here as harmonic oscillators for the purpose ofimportant than in the simulations reported by Barker et al. This

calculating the sum of states.
Rate constant¥,a(E), obtained using Method | and Method
II, differ in the way the K-rotor is treated, as described above.

The two methods give results that differ by less than 20%. The

will enable the use of more reasonable energy transfer param-
eters and will make the simulations more similar to those of
Zhang et al.

Whether the effects found in the present work are large

results obtained using Method Il are presented in Figure 4 for enough to fully explain the anomalies in the master equation
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simulations can only be ascertained by carrying out new
simulations. The analytical PES used in the present work is
plausible and fits the geometries and vibrational frequencies for
the equilibrium structures very accurately, but parametrization
of the anharmonic interactions at high energy and accurate
values for the individual attenuation constants are needed.
Improvements along these lines are planned.

Note Added in Proof: In a recent paper, Arenas et al.
[Arenas, J. F.; Avila, F. J.; Otero, J. C.; Pelaez, D.; Sotd, J.
Phys. Chem. R008 112 249-255] located a conical intersec-
tion near the geometry of the intrinsic energy barrier found by
several groups for theansRO-ONO bond fission. Arenas et
al. conclude that the energy barrier is an artifact that is due to
the use of single configuration wavefunctions when a conical
intersection is present. Thus the topology of the model PES
used in the present work may be reasonably accurate.
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