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A detailed kinetic analysis of the complex reaction systems arising from the ozonolysisHaf a@d
(CH3),C=C(CHs), (TME), respectively, is carried out, using master equations and statistical rate theory.
The thermochemical as well as the molecular data required are obtained from CCSD(T)/TZ2P and B3LYP/
DZP calculations. It is shown that the primary ozonides are not collisionally stabilized under atmospheric
conditions. In the reaction sequence foy ® TME, the same is true for C4+C(CH;)OOH formed from
(CH3),COO0, which completely dissociates to give OH radicals. However, in this system, a pressure dependence
is predicted for the relative branching fractions of the reactions of the Criegee intermediate. Under atmospheric
conditions, for both examples, the product yields obtained are in reasonable agreement with experimental
results.

1. Introduction and corresponds to the system pressure. The character X

The reactions with ozone represent an important atmosphericdenmes any species capable of bimolecular reactions with the

sink for biogenic as well as anthropogenic olefifésFor this Criegee intermediate ROO. 152325 -

reason, many studies over the past four decades have dealt with Fr.om.prewous e>§per|mental anq theoredica = n-
their kinetic and mechanistic aspects under different points of vestigations, there_ IS a strong ewdenc_e that_ the most likely
view. Whereas the overall kinetics for many of these processesu.r"mc’lec!Jlar react!on_channgls of the Cm_agee mte_rmedlat(_es are
is largely knowr?-5 there is still a considerable uncertainty (i) formation of a dioxirane with consecutive reactions to yield

regarding the detailed mechanisms and the correspondingrm()jl.ecrl"’}r |0_|r frge rt'§1d|gal prc;)ductls, (!3 fom(;atlotr; of an to(?o
product yield$—° Especially their possible role as a source of radical via 1 migration in carbonyl oxide and subsequen

OH radical§~12 has increased the attention for this class of bond rupture either in an one-step reaction as in the case of
reactions agaiis—2* H,COO or via a hydroperoxide intermediate as in the case of

The now widely accepted general mechanism is shown in syn-alkyl substituteq carbonyl OXidé%?.4 and (iil) split-off Of.
the following scheme. For the sake of simplicity, we consider O(P) atoms after intersystem crossing to the lowest triplet

5 - ) .
the case of a symmetrically substituted monoalkene (compareStatez' These points '”_‘F"y thaF reaction 6 actually consists of
with Figure 1): three parallel steps (Figure 1):

R,C=CR, + O, — POZ* 1) RICOO* —= RiCL (62)
. R,COO* —» R'CH=CR(OOH)* (6b)
POZ*+M—POZ+M ) Ro,COO* —= R,CO + O(P) (6c)

POZ*— R,CO* + R,COO* () followed by
R,CO* + M — R,CO+ M (4) R'CH=CR(OOH)*— RCH-RC=0+ OH (8a)

and
R,COO* + M — R,COO+ M (5)
RZC:E* — products (8b)
R,COO* — products (6)

In the case R= H, reactions 6b and 8a are replaced by
R,COO+ X — products (7
H,COO* — HCO+ OH (6b)
Here POZ represents the primary ozonide, and an asterisk

indicates vibrational and rotational excitation from chemical because a carbene intermediate HC(OOH) does not exist
activation. M is an inert partner for the collisional stabilization according to ab initio calculatiorf§:2*

The different experimental investigations have highlighted
:To_who_n_j correspondence should be addressed. different features of the above mechanism. Because of its
. Bmg:z:g (}}ag%-gggtrznberg. important atmospheric implications, many studies deal with the
$ Universit Kiel. ' determination of relative OH yields!317.19.22.24 For instance,
® Abstract published irAdvance ACS Abstractdyovember 15, 1997. for the reaction GH, + O3, values of 0.1 and 0.08224and
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Figure 1. (a) Schematic representation of the mechanism of the ozonolysis of a symmetrically substituted alkene such as tetramethyl ethene
(TME). In the case of ethene, Figure la applies with the exception of the sequene€8@b)which is replaced by (b) (§b An asterisk denotes
vibrational excitation.

for 2,3-dimethyl-2-butene (TME} O3 values of 1.02 0.7 13 pathways such as isomerization to hydroxyacetone. However,
and 0.36224were found. no rate data for these channels could be given.

Other studies are addressed to the question, what fraction of In view of these numerous approaches, that emphasize largely
the chemically activated Criegee intermediates can be stabilizeddifferent features of the mechanism, it is the aim of the present
by collisions under atmospheric conditiot{€’ Here, in good article to develop an appropriate model of the ozonolysis
agreement, values between 0.35 and 0.40 for the systefn O reaction that is based on quantum chemical calculations and
C,H4 were determined independently by several autfo#%:30 statistical rate theory, and that can be used to rationalize the
Moreover, in ref 27, three different fractions oE&00 were production of varying amounts of OH radicals during the
distinguished. 20% turned out to be generally stable even atozonolysis of different alkenes. Within this picture, the differing
the lowest pressure of this investigation (13 mbar), and it was experimental findings are summarized and quantitatively inter-
argued’ that these Criegee intermediates are already generatedoreted from a common point of view. To obtain the thermo-
in a stable form. Further 20% could be stabilized by increasing chemical data as well as the molecular properties required, we
the pressure from 13 to 1520 mbar, and the remaining 60% characterize the stationary points on the corresponding potential-
could not be stabilized even at this relatively high pressure. For energy surfaces (PES) by density-functional theory (DFT),
the reaction @ + TME, relative yields of 0.38 for the Mgller—Plesset (MP) methods (in part), and coupled-cluster
stabilized (CH).COO were determined. (CC) methods. Utilizing the results of the quantum chemical

Martinez et al* estimated the stability of an intermediate calculations, the reactions of ozone with ethene and TME are
hydroperoxide, Ch=C(CHs)OOH, possibly formed from  investigated by carrying out a detailed kinetic analysis. The
(CH3),COO, using RRK theory. The thermochemistry was chemically activated reaction systems are described by a master-
estimated using group increments and partly thermochemical equation, employing specific rate coefficients from RRKM
data for the system £, + Osz. It was concluded that the theory and from the statistical adiabatic channel model. As a
hydroperoxide should not decompose at pressures as low as Jesult, lifetimes of several intermediate species under different
mbar. This is in contradiction to experimental results, where conditions are derived, and mechanistic consequences relevant
even under atmospheric conditions no £€(CH;)OOH could to their decomposition are discussed. In the present work, we
be detected® This point was also discussed by Martinez et focus on recent kinetic measurements for the reaction systems
al** and explained with the possible presence of additional ozone/ethene and ozone/TME.
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2. Quantum Chemical Calculations previous investigations it was shown that CCSD(T)HZP
calculations are rather reliable so that accurate reaction enthal-
In previous work on the ozonolysis of ethefe3® we have pies can be obtained:34

tested HartreeFock theory, many-body perturbation theory  Due to the size of the basis set, CCSD(T) calculations were
with the Mgller-Plesset perturbation operator (MP), coupled- only feasible for the three heavy atom systems so that just the
cluster (CC) theory, and density-functional theory (DFT) to find  rearrangement possibilities of the carbonyl oxide could be
a reliable but economic method that provides a reasonablejnyestigated (entries 717 in Table 1, set A2). Reaction
description of the various steps of the ozonolysis reaction. enthalpies 7 to 15 are 0.5 to 2.3 kcal/mol smaller when
These investigations revealed that an accurate description ofcgjculated at the CCSD(T)/T22P level of theory, which is what
the ozonolysis of ethene is obtained at the CCSD(T) level using gne should expect as a difference between DFT and CCSD(T)
a TZ+2P basis set while other methods, which cover less i these cases. However in the case of 16 and 17, reaction
correlation effects, fail to provide a consistent description of enthalpies differ by 7.6 kcal/mol. The reaction leading from
all reaction stepd?3+% However, CCSD(T)ITZ2P calcula-  carhonyl oxide to formyl and OH radical is difficult to calculate
tions become rather costly when investigating the 0zonolysis gjnce it requires the comparison of a closed shell system with
of higher alkenes such as TME and, therefore, a compromisey, gpen shell systems where the relative stability of the two
had to be found in the present work. This was found by using \4gicals may be underestimated because of spin contam-
DFT with Becke's three pag?meter hybrid functional BSLYP jyation when using an UHF reference function as done in this
and a 6-31G(d,p) basis s&t’ work. On the other hand, UHFCCSD(T) is known to lead to
B3LYP/6-31G(d,p) provides reasonable reaction energies andonly negligible spin contamination in the case of doublet
barriers for most of the ozonolysis steps insofar as the calculatedyadicald? and, therefore, the CCSD(T) reaction enthalpies 16
B3LYP values are more accurate than those obtained with MP2 5314 17 should be more reliable than the corresponding DFT
theory® As is well-known, DFT fails in the case of van der 5 es.
Waals complexes and loose transition states #¥Byr example,
energy and geometry of the ozone-ethene van der Waals
complex are erroneously predicted by B3LYP and the barrier
of the ozone-ethene cycloaddition reaction (TS1, see Figure 1)
is calculated to be just 0.2 kcal/mol and, thereby, largely . . ) . .
underestimated. On the other hand, it is calculationally feasible d:ffers tiyljouls(t—|2/.3 klc_?lé:rréosll\év r_}fle the difference mgreazes_to
to describe both the ethene and the TME ozonolysis at theam?St ca/morl (1) energies are used to derive
B3LYP/6-31G(d,p) level of theory and, therefore, this method AH (_298) values (set AZ)'. Clearly, this is in contradiction to
was used to calculate energies, geometries, and frequencies otlhe higher accuracy pr_owded by the CCSD(T) method an_d
all the molecules and TS shown in Figure 1. The corresponding SU99€sts that the combination of DFT and CCSD(T) results is

Cartesian coordinates, rotational constants, and harmonic waveProblematic. The analysis of heats of formatiohsl®(298)
numbers are available as Supporting Information. for 1—9 of Table 1 reveals that DFT fails when determining

AH;°(298) of carbonyl oxide. This was calculated to be 30.2
kcal/mol in a CCSD(T) investigation of Cremer and co-
workers3* Earlier GVB calculations of Harding and Godd&rd

led to a similar value while B3LYP/6-31G(d,p) predicts a value

ACES Il ab initio broaramd® ZPE values and temperature of 22.1 kcal/mol which'is8 kc.aI/moI smaller. Repeating some
corrections were c%m%ined with B3LYP reaction er?ergies to of the B3L_YP _calculatlons with a 6-335(3df,2p) basis S?t.
obtain reaction enthalpieAAH;° at 0 and 298 K. Utilizing rgduces this difference by 4'.5 kcaI/mOL Where th? remaining
the experimental heats of formatiaH;°(0) andAH;*(298) of difference may be dtje to residual spin cqntamlnanon._ Hence,
ozone, ethene, TME, formaldehyde, and acetone (denoted by 4N€ More reliable\H; v?lues_ can be obtained when using the
star in Table 1% as well as calculated reaction enthalplesH;° CCSD(T) value ofAHf°(7) in connection with the B3LYP
at 0 and 298 K, it was possible to derive for each molecule and ENergies for +6 (exception 4: MP4) and the CCSD(T) values
TS of Figure 1 heats of formatimeo(O) andAHf°(298), which for 7_17 |f this is C.jonez aka°(298, 16) Valu.e of 18.2 kcal/
are listed in Table 1 (sets Al and B1) together with energies, mol is obtained, which differs from the experimental value by
ZPE values, and temperature corrections. just —1 kcal/mol (Table 1, set A3).

In the case of TS1 (Figure 1), in which B3LYP fails to predict The most accurate heats of formation are listed _in the last
a reasonable geometry and energy, an activation energy of 1.9Wo columns of Table 1 (set A3). We note that the major change
kcal/mol relative to the energies of ozone and ethene (2.5 kcal/in reaction enthalpies due to the use of the CCSD(T) value for
mol if calculated relative to the energy of the ozemthene  AH:i°(298, 7) occurs in the decomposition reaction of ethene
van der Waals complex; the corresponding enthalpy values arePOZ, which becomes about 8 kcal/mol more endothermic
3.5 and 4.2 kcal/mol) taken from a MP4 investigaffot? was (AAH;°(298) increases from 6.6 to 14.7 kcal/mol; Table 1). As
used to complement the energetics. The same barrier value waés discussed in section 4, this has a negligible influence on the
also assumed for the corresponding cycloaddition reaction kinetic behavior of the carbonyl oxide.
between ozone and TME although in this case the van der Waals In view of the results obtained for the ozonolysis of ethene,
complex is probably more stable and the TS somewhat higherwe have also improved the B3LYP/6-31G(d,p) reaction enthal-
in energy** pies and heats of formation calculated for the ozonolysis of TME

To check whether the B3LYP/6-31G(d,p) data provide a (part B of Table 1). This was done by determining the
consistent description of the various steps of the ozonolysis AH;°(298) value of dimethyldioxirane (entry 28) with the help
reaction as described in Figure 1, some of the calculations wereof the formal reaction c-(Cg>COO + CH; — ¢c-CH,OO0 +
repeated at the CCSD(T) level of thetrgmploying a T2-2P CH3CH,CHj utilizing experimentalAH;® values for methane
basis set derived from a (11s6p3d/5s3p) [5s3p2d/3s2p] contrac-and propané?the CCSD(T)AH:°(298) value of dioxiran¥ (see
tion augmented with Cartesian polarization functiéhsin entry 12 of Table 1, set A3) and the calculated reaction enthalpy.

The calculatedAH¢°(298) value for 16 can directly be
compared with the corresponding experimentdt;°(298),
which is 19.2 kcal/mol AH:°(298, OH) = 9.30 + 0.3;
AH°(298, HCO)= 9.90 £+ 0.5 kcal/mot?). The DFT result

Zero-point energy (ZPE) and temperature correctionsIfor
= 298 K were calculated by scaling the harmonic B3LYP/6-
31G(d,p) frequencies by a factor of 0.963. Calculations have
been performed with COLOGNE$4,GAUSSIAN 9420 and
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TABLE 1: Energies, Zero-Point Energies and Heats of Formation Calculated at the B3LYP/6-31G(d,p) and CCSD(T)/[5S3P2D/

3S2P] Level of Theory

molecule energfer  ref  AE ZPE AE+ZPE —A  AH(0) AH°(298) AH°(0}  AH°(298y
final

A. Ozonolysis of ethene set Al set A2
B3LYP/6-31G(d,p)
1) G; —225.40645 4.5 0.6 34.7* 34.1* 34.7* 34.1*
2) H,C=CH; —78.59381 30.9 2.0 14.6* 12.5% 14.6* 12.5*
3)1+2 —304.00026 0 35.4 0 2.7 49.3* 46.6* 49.3* 46.6*
4)TS1 b 3 1.9 37.0 35 3.6 52.8 49.2
5) Ethene POZ —304.09949 3 —623 40.1 -57.3 4.2 -8.0 —12.2 -8.0 —122
6) TS3 —304.06525 5 21.5 37.9 19.2 4.0 111 7.1 111 7.1
7) H,COO —189.57989 18.9 1.7 23.8 22.1 31.9 30.2
8) H,C=0 —114.50320 16.1 09 —26.8* —27.7* —26.8* —27.7*
9)7+8 —304.08312 5 10.3 35.0 5.2 26 —30 —5.6 5.1 25
10) TS6a —189.54566 7 215 17.9 20.5 2.2 44.3 421 50.1 47.9
11) 8+ 10 —304.04886 9 21.5 34.0 20.5 3.1 17.5 14.4 23.3 20.2
12) c—H,COO —189.61829 7 —241 19.7 —24.3 11 -0.5 -1.6 7.1 6.0
13)8+ 12 —304.12149 9 —241 35.8 —24.3 2.0 —27.3 —29.3 —19.7 —21.7
14) TS6b —189.52430 7 34.9 15.7 317 17 55.5 53.8 62.7 61.0
15)8+ 14 —304.02750 9 34.9 31.8 317 2.6 28.7 26.1 35.9 333
16) HCO+ OH —189.58021 7 -0.2 13.0 —6.1 0.8 17.7 16.9 19.0 18.2
17) 8+ 16 —-304.08341 9 —02 29.1 -6.1 1.7 -9.1 -10.8 -78 95
CCSD(T)/[5s3p2d/3s2p] set A2
7) H,COO —189.32044 18.9 17 23.8 22.1
10) TS6a —189.28984 7 19.2 17.9 18.2 2.2 42.0 39.8
11) 8+ 10 9 19.2 34.0 18.2 3.1 15.2 12.1
12) c—H,COO —189.36124 7 —25.6 19.7 —24.8 11 -1.0 -2.1
13) 8+ 12 9 -—-256 35.8 —24.8 2.0 —27.8 —29.8
14) TS6b —189.26626 7 34.0 15.7 30.8 17 54.6 52.9
15)8+ 14 9 34.0 31.8 30.8 2.6 27.8 25.2
16) HCO+ OH —189.33287 7 78 13.0 —13.7 0.8 101 9.3 19.2(exp)
17) 8+ 16 9 -78 291 -137 1.7 -16.7 —-18.4 —8.5(exp)
B. Ozonolysis of TME set Bl set B2
B3LYP/6-31G(d,p)
18) TME —235.87358 99.2 7.8 -85 —16.3* -85 —16.3*
19) G+ TME —461.28003 0 103.7 0 8.4 26.2 17.8 26.2 17.8
20) TS1 b 19 35 9.3 29.7 20.4
21) TME POZ —461.38159 19 —-63.7 107.8 —59.6 10.1 —-33.4 —43.5 —334 —43.5
22)TS3 —461.35625 21 159 105.7 13.8 9.9 -19.6 —29.5 —-19.6 —295
23) (CH;).,CO0 —268.24593 52.8 4.6 -7.7 —-12.3 -1.9 —-6.5
24) (CH;),C=0 —193.16421 50.6 3.9 —48.0* —51.9% —48.0+ —51.9*
25) 23+ 24 —461.41014 21 -17.9 1034 -22.3 8.5 —55.7 —64.2 —-49.9 584
26) TS6a —268.21000 23 22.5 52.0 21.7 4.9 14.0 9.1 171 12.2
27) 24+ 26 —461.37421 25 225 102.6 21.7 8.8 —-34.1 —42.9 —-30.9 —39.7
28) c-(CH;),CO0 —268.27749 23 —19.8 53.4 —19.2 4.8 —26.9 —31.7 -223 271
29) 24+ 28 —461.44162 25 —19.8 104.0 —19.2 8.7 —75.0 —83.7 —-70.3 —79.0
30) TS6b —268.21877 23 17.0 50.6 14.8 5.0 7.1 21 121 7.1
31) 24+ 30 —461.38298 25 17.0 101.2 14.8 8.9 —-41.0 —49.8 —35.9 —4438
32) H,C=C(Me)OOH —268.26753 23 -—13.6 53.1 —-13.3 4.4 —-21.0 —25.4 —15.2 —19.6
33) 24+ 32 —461.43174 25 -—13.6 103.7 -13.3 8.3 —69.1 —77.4 —-63.2 —715
34) H,C(Me)CO+ OH —268.23072 23 9.5 47.7 4.4 26 —33 -5.9 6.2 3.6(exp)
35) 24+ 34 —461.39493 25 9.5 98.3 4.4 6.5 —51.4 —-57.5 —41.8  —48.3(exp)

a Absolute energies in hartree, relative energies, zero-point energies (ZPE), thermal corr&ctioms heats of formation in kcal/mol. ZPE

values and thermal correctiodshave been obtained from B3LYP/6-31G(d,p) frequencies scaled by a factor of 0.963. Heats of formation at 0 K,
AH¢°(0), and at 298 KAH;°(298), denoted by a star have been taken from JANAF tables (ref 42a) and were used to derive the other heats of
formation in the table. For the definition of transition states (TS), see Figure 1. Dioxiranes are abbreviatéty@®© and c-(CH),COO." At

the B3LYP/6-31G(d,p) level, TS1 was not found for the ozonolysis of ethene. The values given are from MP4/6-31G(d,p) and MP2/6-31G(d,p)
calculations (see ref 35 and 43). These values have also been assumed for the ozonolysis‘dR@lktive energies calculated at the CCSD(T)/
[5s3p2d/3s2p] level of theory were used f8E and combined with ZPE and thermal corrections calculated at B3LYP/6-31G{d/p)ues are

based on CCSD(T) value of the heat of formation of carbonyl oxide (see ref 34) and the CCSD(T)/[5s3p2d/3s2p] results (see text).

In this way,AH¢°(298, 28)= —27.1 kcal/mol was obtained for =~ CCSD(T) enthalpy of carbonyl oxide. Again, this leads to a
dimethyldioxirane, which in turn was used to calculaté:°(298, major change in the excess energy of dimethylcarbonyl oxide
23) of the corresponding carbonyl oxide isomer6(5 kcal/ and aceton, which is reduced from 82 (B3LYP) to 76 kcal/
mol, Table 1). Because of the size of the molecules in- mol. Other changes are 2.3 kcal/mol for the remaining
volved, no CCSD(T)/TZ 2P calculations could be carried out reaction enthalpies.

for the ozonolysis of TME. However, it was assumed that  The data in the last two columns of Table 1 (sets A3 and
CCSD(T) calculations would lead to similar corrections as those B2) provide a consistent and reliable description of the
found for the ozonolysis of ethene. Hence, the fitiek® values energetics of the ozonolysis of ethene and TME. Nevertheless,
listed in Table 1 (set B2) for the ozonolysis of TME are based it is useful to bear in mind that the relative stability of the
on DFT reaction enthalpies corrected where possible by carbonyl oxides changes by 8 kcal/mol when replacing B3LYP/
CCSD(T) results for the ozonolysis of ethene and the 6-31G(d,p) by CCSD(T)/TZ2P results.
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3. Relative Yields from Statistical Rate Theory /fPOZ(E)
The Master Equation. The kinetic quantities of a chemical TSy, B
activation system can be derived by solving the corresponding ST T
master equatiof®>3 If one considers a species, which is 4
formed by a chemical reaction and, subsequently, is subjected R:CCR.+ 0, .
to the competition between collisional stabilization and consecu- <Eroz _TSg
tive reactions (decomposition, isomerization), the master equa- / |
tion can be understood as the balance over all gain and loss N / Eow |
processes for a given energy levielpf this species: o -
B R,COO + R,CO
il ‘ g
& = Romfi — @ny + a)z Py — z kin, 9) POz
] r

Figure 2. Schematic energy diagram with the nascent population of

r : : ; T the primary ozonide. Tgdenotes the transition state of reactipBoy)
Heren; is the concentration of the intermediate having internal the corresponding threshold energy: for details see text.

energyE;. Riom is the overall rate of its formation arfdthe

normalized distribution over the energiBs as generated by Specific Rate Coefficients. The specific unimolecular rate
the formation reaction. The second and the third term describe coefficients are calculated by RRKM thedt3r:51.60

the collisional depopulation and population, respectively, of the

considered level, with the collision frequencyw and the W,(E — EO(r))

probabilitiesP; for transitionsj — i. The last term represents k(E)=——=— (14)
the consecutive reactions with the specific rate coeffici&nts ho(E)

bekrv(vlfgt];or: tizer:]zat‘ﬁgofgfﬂg gaisigﬁqﬁggns?e%%@?:tg\{:nclﬁrrlgl)i/- with W being the sum of states of the transition state for the
tions5 dn/di = 0. one obtains reactionr and Eq the corresponding threshold energy. The
' ! ’ symbol h stands for Planck’s constant, apdrepresents the
density of states of the reactant. The sums and densities of
RomF = [w(l = P) + Z KIN®=JN° (10) statesyare determined by counting proced6tes.

' In the case of simple bond breaking, a TS may not exist on
the PES as encountered for reaction 8a. Here the specific rate
constants are calculated by the statistical adiabatic channel model
(SACM) %2 where the sum of states in eq 14 is substituted by
the corresponding number of open reaction channels.

N=R, J1E (11) _ Molecula_r Distribution_ Functions. A further necessary
orm input quantity for eq 13 is the nascent molecular population

. . . . = f(E). One has to distinguish between three different cases

and the rate of the reactianDy, is obtained by averaging the  yhat occur in our systems. The chemically activated species

where the vector/matrix symbols correspond to the symbols in
eq 9, and denotes the unit matrix. The steady-state population
NS now follows from

rate coefficients; over this distribution: may be formed by (i) an exoergic bimolecular step as in reaction
1, (ii) a unimolecular decomposition of an energized precursor
D, = Z (KN, (12) as in reaction 3, or (iii) a unimolecular isomerization step as in
! reaction 6b.
Here X); stands for théth diagonal element of the matrix. The Input popu_latl_on In t?_?_)lﬁrst case can be described by a
. ; L O9 . shifted thermal distributioA?
Finally, the desired relative yields are given by
WooAE — Eq(_1)) €xp[—(E — Eo_1)/ksT]
D, B i fPOZ(E) __Po _ 0(-1) EO( 1) (15)
o= 2 (KITF), (13) [ WpoAe) explelkgT)de

orm !

for E = Eo(-1) with the energy being counted from the ground
state of the primary ozonide. HeWpoz is the sum of states

of the primary ozonideEq-1) the threshold energy for the
reverse process of reaction 1, akglrepresents Boltzmann’s
Jones collision numbers fao.5¢ Energy-transfer parameters ~constant. The essential features are included in Figure 2.

for the species of interest in this work withldnd Q are not In the second case, the nascent population can be obtained
known. Thus, the calculations were actually carried out for two PY @ssuming statistical energy partitioning between the dis-
different values ofAEs,, viz. 250 and 500 cmi. For the  Sociating fragments. With an overall disposable endtgy),
Criegee intermediates, these values correspond to averagét.follows for the input distribution of the Criegee interme-
energies transferred per collision of abetit00 cnt! and—350 diate®
cm?, respectively’’ In view of experimentally determined N
values for organic molecules of comparable Szeie believe R,COO Pchoo(E)Wcho(E@) - B

that our quantities should represent reasonable lower and upper B =— " (16)
limits for the efficiency of the collisional deactivation in our 0 (3)Pchoo(€)Wcho(E(3) — €)de

systems. Moreover, it turned out that, in general, the results

are not very sensitive taEg, (see below). The inversion of  with the sums and densities of states as indicated by the
the tridiagonal matrix) was achieved by standard proced@fes  subscripts. Here the energy zero is the ground state @O,

with a grain size of 10 cmt. and the situation is illustrated in Figure 3.

and the stabilized fractior§/Rirm, follows from the steady-
state conditiorSRiorm = 1 — Y Di/Riorm.

In our calculations, we used a stepladder mtfdet-55 (step
size: AEgy) for the transition probabilitie$; and Lennard-
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R,CO0O

product,

Figure 3. Schematic energy diagram with the nascent population of
the Criegee intermediate and the disposable enEfgyin relation to
the threshold energy for the unimolecular processes.

Finally, in the third case, the nascent population of &R
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Figure 4. Nascent population of ¥200 and specific rate coefficients

for the consecutive reactions. The hatched area represents the part of
the population that is initially stable. The coarse structure in the
distribution at high energies is due to energy quantization in the
complementary molecule formaldehyde at low energies.

TABLE 2: Relative Product Yields from Eq 13 for the Most
Reliable Data Sets A3 and B2, Respectively. For the
Ozonolysis of TME, the OH Yield Is Set Equal to the Yield
Pof CH,=C(CH3)OOH (See Text)

(OOH) generated by reaction 6b is accessible by a steady-stat

treatment, which results in AEg/cmt P/mbar dioxirane OH stabilization
Ozonolysis of ethene (set A3)
E)nS E 250 10.13 0.80 0.0016 0.20
fRRCOOM ) — Ks1(E)rrcod E) (17) 1013 0.79 0.0016 0.21
« S 500 10.13 0.80 0.0016 0.20
Jes ek Mercodfe) de 1013 0.78 0.0016 0.22
1013 0.7% 0.0007 0.29
where again the energy is counted from the ground state of Ozonolysis of TME (set B2)
R.COO. 250 10.13 0.047 0.92 0.033
101.3 0.047 0.89 0.063
. . 1013 0.044 0.78 0.18
4. Results and Discussions 500 10.13 0.047 091 0.043
o ) _ 101.3 0.046 0.84 0.11
For the kinetic modeling, calculated enthalpies (Table 1 and 1013 0.040 0.66 0.30
Section 2), geometries, and frequencies are utilized. We employ 1013 0.036 0.5% 0.38

the probably most reliable thermochemical data sets from Table
1 (set A3 and B2, respectively) and discuss consequences of
uncertainties in these values separately. The sums and densitiestabilized Criegee intermediat&Ri,m) are accessible via eq

of states as well as the specific rate coefficients are calculated13. The results for two different pressures are shown in Table
for a total angular momentum quantum number of 23 and 55, 2. As was already mentioned above, the relative fractions in
respectively. These values can be estimated from the combinathis pressure range are only little dependentday, .

tion of the average angular momenta of thermal ensembles of When comparing our calculations with experimental results,

aZero threshold energy for Ot alkene assumed (see text).

O4/C,H, and Q/TME, respectively. All calculations were
carried out for a temperature of 298 K.

C,H4 + Os. The nascent population of the primary ozonide
follows from eq 15. The average energy of this population
<E*poz>t = 62.6 kcal/mol (see Figure 2). This input distribu-
tion is changed into the steady-state distributignby collisions

there are several noteworthy points. The predicted OH yield
of ~0.2% under atmospheric pressure seems too low as
compared to 1298 and 896224suggested by experiment. The
fraction of stabilized HCOO is ~20%, where experimental
values between 35% and 40% have been determined for
atmospheric condition®:2426.2830 The measured value for the

and the unimolecular decomposition (see eq 11). The calculateddioxirane yield of 54%?24differs from the calculated value of

average rate constant towarg@0DO + H,CO is 9.1x 101
s L. This is large compared to a collision frequency of &8
1° s~1 at 1013 mbar and indicates that there is practically no

80%. The branching ratio between dioxirane formation and
stabilization is reproduced in the correct order of magnitude
although its calculated value is larger by a factor of 2.

stabilization of the primary ozonide under these conditions. The Furthermore, Hatakeyama et?aldetermined a fraction of 20%

normalized steady-state distribution differs little frdR¥4E)

as can be seen from the corresponding average endétgyoz>n

= 62.5 kcal/mol. The master equation witlEs, = 500 cnt?!
predicts a stabilized fraction of 0.05% at 100 bar and 35% at
1000 bar.

The average energy differenBe s = <Etpoz>n — Eo@) =
43.3 kcal/mol is available for partitioning betweepCGOO and
H2CO in the dissociation reaction. The resulting distribution
fHCOQE) follows from eq 16 and is shown in Figure 4. The
average energies are:>€00: 24.9, HCO: 14.1, and relative
translation: 4.3 kcal/mol. Froifit2°°9(E) and the corresponding

specific rate constants, which are also included in Figure 4, the bar for AEs;=500 cnT1?).

relative yields of dioxiranels4Riorm), OH (Dsyw/Riorm) and the

stabilized HCOO at 13 mbar, which agrees with our calculated
value at 10 mbar (see Table 2). This low-pressure limiting value
corresponds to the fraction o,BOO that is formed already at
energies below the lowest reaction thresRbl@dompare with

the hatched area in Figure 4). Hence, this agreement seems to
point out that the calculated threshold energy is likely to be
correct. The increase of the yield by20% in going from 13

to ~1000 mbar, however, is not reproduced by our model. This
is due to the high specific rate coefficients for the reaction
toward dioxirane, which requires much higher pressures for an
effective stabilization to compete (31% at 10 bar, 54% at 100
Only a decrease of these rate
coefficients by 2 orders of magnitude would approximately
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reproduce the above experimental findings. Such a drastic 510+

deviation cannot be addressed to possible inaccuracies of the 101;

calculated properties of TS6a, which determine the sum of states 4104} | 189

in eq 14. The reason for these differences in the predicted and {108

measured OH yields is not clear at present. 3104} {107 _
As was outlined in Section 2, there is a difference of 8 kcal/ 5 1 102 2

mol in AH{°(298, 7) between the CC and the DFT approach. W 210t | 184 %—

However, this has no influence on the kinetics of the carbonyl 1108

oxide, because the disposable energy is determined by the energy 104¢

difference between TS1 and TS3. The above amount would

merely appear in the relative translation of the two fragments 05 =000 10000 15000

H>CO and HCOO (cf. Figure 2). To demonstrate the effect E/cm’™

of an alteration of the disposable enerd,), we calculate Figure 5. Nascent population of (CHCOO and specific rate

the product yields for a value that is decreased by 3.5 kcal/ coefficients for the consecutive reactions.

mol. The latter is just the threshold energy for the addition .

step Q + C,Ha, and hence the situation considered represents influence of the pressure is much more pronounced, and an
the thermochemical limit betweensG C,H, and TS3. The adequate modeling of the corresponding tropospheric processes
results for a pressure of 1013 mbar are contained in Table 2,Nas to account for these effects.

and one can see that the influence is not very pronounced. The The reaction pathway of (G§COO that directly competes
basic features are not changed at all. with collisional stabilization and formation of dioxirane is the

isomerization to Cph=C(CHz)OOH (reaction 6b}323 The OH
radical, then, is generated in a consecutive step (reaction 8a).
Therefore, the question arises, whether the chemically activated
hydroperoxide can be stabilized under atmospheric conditions.
The corresponding master-equation analysis, eq 13, with an input
population from eq 17 and specific rate coefficients from SACM
shows that more than 99.99% of the hydroperoxide decompose
to give OH and CHCOCH; (average rate coefficient 4 x

102 s1). Accordingly, stabilization can be completely ne-
glected. This is in agreement with experimental res@land

We completely neglected in our model the reaction pathway,
leading to formaldehyde and &X), which should proceed via
intersystem crossing (ISC) to the lowest triplet potential-energy
surface and subsequent dissociation. According to Anglada et
al. 25 the configuration of the Criegee intermediate, where 1ISC
is likely to occur, closely resembles that of the transition state
for internal rotation around the -€@O bond. The threshold
energy for the latter process is given as 24.8 kcald® Thus,
apart from the unknown singletriplet transition probability,
this channel cannot compete with the fast dioxirane formation

(Eo = 18.2 kcal mot?), even though it is energetically accessible in contrast to t.h.e estimatiqns in ref 14. There is no negd for
for a considerable part of the,800 population (cf. Figure assuming additional reaction pathways such as formation of
4) ' hydroxyacetone. From our modeling follows that only at

. . - . pressures as high as 100 bar, stabilization amounts to 1% and
We also did not consider the possibility of a stepwise i 1000 par to 12% (With\Es, = 500 cn?).

decomposition of POZ which has frequently been discussed in - ompared to experimental investigations, our calculated OH
the literature (for a summary, see ref 44). This _is initiated by yields of 0.66 and 0.78 (set B2) for step sizes of 500 and 250
OO bond cleavage and formation of the biradie@OCH,- cm 2, respectively, are significantly lower than uritand seem
CHOe. H migration will lead to the hydroperoxide HOOGQE to favor the results in the range of 0:¥.The fraction of the

(=O)H, which in turn can decompose {@CH,C(=O)H and stabilized Criegee intermediates, between 0.30 and 0.18, is also

OH radicals. The activation energy of the first step of this j, yeasonable agreement with an experimentally determined
reaction has been estimated to be only a few kcal/mol higher 5,6 of 0,303 To estimate the influence of the uncertainty

than _the cyclore\(ersion step (3) (Figure 1). Hence, it may pe of the energy of TS1, i.eE* (), again the limiting case of a
possible that OH is also formed in a nonconcerted decomposition ,qq threshold energy for{3- TME is considered. An example

reaction, which would explain the fact that in the ozonolysis of ¢, set B2 is also included in Table 2, which confirms that the
ethene more OH was measured than predicted by our CaICUIa'qualitative picture does not change. In summarizing, our

tions. Future work has to clarify this point. calculations predict under atmospheric conditions a yield of
TME + Os. The average energy of the steady-state popula- dimethyl dioxirane in the order of-35%, an OH yield between

tion of the primary ozonide under atmospheric conditions is ~g0 and~80% and a relative fraction o£20 to ~40% for the
<E*poz7n = 67.7 kcal/mol. The resulting rate coefficient for  stabilized dimethyl carbonyl oxide.

the reaction to the Criegee radical and acetone amounts to 5.6 Consecutive Reactions of the Stabilized Criegee Interme-

x 10 s71. The collision frequency at 1013 mbar is 12 diate. A further, very important point is the fate of the
10's, i.e., only by a factor of 4 lower than the rate coefficient. collisionally deactivated Criegee intermediates, because the
Nevertheless, at this pressure merely 0.04% of the populationahove reaction pathways still represent accessible unimolecular
is stabilized. Assuming an average energy transferred perchannels. Therefore, if the Criegee radicals are not scavenged
collision of =300 cnT? (see above), one can estimate that about in a bimolecular step, they will finally undergo the same

40 collisions are required to quench a POZ molecule to an ynimolecular processes with an overall product yield of unity.

energy range, where it can be considered stabilized  Even for a completely quenched i.thermalensemble at 298
10ks(E)). This shows the inadequacy of the strong-collision K, one calculates from the high-pressure limiting rate
assumptiort?~> coefficientd®-5! average lifetimes of ogl3 s for HLCOO and

The disposable energ§;" s = 54.0 kcal/mol, is shared on  0.004 s for (CH),COO, which are drastically below the time
the average as follows: (GHCOO: 28.2, acetone: 23.5, and scale of most of the experiments performed to investigate the
translation: 2.3 kcal/mol. The nascent population of ¢GH ozonolysis reaction. Moreover, these values represent rather
COO as well as the specific rate coefficients for the two reaction hypothetical upper limits, because the average lifetimes of the
pathways are shown in Figure 5. The relative product yields intermediates obeying the steady-state distributions are much
are compiled in Table 2. Here, in contrast tg © C;Hg4, the shorter, viz. ~1079 s for H,COO and~10"" s for (CH;),COO.
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In ref 22 a combined vyield of 47% for CO and g@as (12) Martinez, R. 1.; Herron, J. T.; Huie, R. E. Am. Chem. S0d.981,
i 103 3807.
hmeasured fﬁr %-l—th\/:E.f_ Oﬁr Cfil%llg’gd Vglue for %ngngne’ (13) Niki, H.; Maker, P. D.; Savage, C. M.; Breitenbach, L. P.; Hurley,
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C 199Q 22, 871.

C2. . . . (17) Atkinson, R.; Aschmann, S. M.; Arey, J.; Shorees)JBGeophys.
At present the nature of these bimolecular reactions is not Res.1992 97, 6065.

quite clear. In experimental studies, mainly S0?°H,CO 28:30 (18) Paulson, S. E.; Flagan, R. C.; Seinfeld, JIi. J. Chem. Kinet.

8 1992 24, 103.
HCOOH? and CHCOOH’ were used _as scavengers, gnd, (19) Atkinson, R.; Aschmann, S. MEnviron. Sci. Technol1993 27,
moreover, CO, KO, NO, and NQ are discussed as possible ;357
reactants:28 Because the corresponding rate coefficients are  (20) Horie, O.; Neeb, P.; Moortgat, G. Knt. J. Chem. Kinet1994
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st_abilized Criegee intermediate._ I_:or the reaction e€E&0 (22) (a) Gutbrod, R.; Meyer, S.; Rahman, M. M.; Schindler, RIr.
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Because in experimental investigatidif3,this reaction was (24) Gutbrod, R.: Kraka, E.; Cremer, D.; Schindler, RINAm. Chem.

found to be unimportant, the above scavengers should reactsgc 1997 119 7330.

much faster, especially in view of their usually much lower (25) Anglada, J. M.; Bofill, J. M.; Olivella, S.; Solé\. J. Am. Chem.

concentrations in the ppm range. Here clearly additional work Soc-1996 118 4636. o

is needed. Especially the rate constants of these scavengin%s(i%gatakeyama' S.; Kobayashi, H.; Akimoto, HPhys. Chem.984

processes should be determined to be included in the modeling. (27) Hatakeyama, S.; Kobayashi, H.; Lin, Z.-Y.; Tagaki, H.; Akimoto,

Then, also a time-dependent master equation can be used tdi. J. Phys. Chem1986 90, 4131.

estimate the quality of the steady-state assumption (e¥f 10) Chgrﬁ)lgéﬁj'g?i\@fﬂ P.T. Savage, C. M, Breitenbach, LJPPhys.

under atmospheric and smog-chamber conditions. (29 Su, F.; Calvert, J. G.; Shaw, J. Bi. Phys. Chem198Q 84, 239.
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