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In a companion paper (Kroll, J. H.; Clarke, J. S.; Donahue, N. M.; Anderson, J. G.; Demerjian]) KRlhys.

Chem. A2001, 105, 1554) we present direct measurements of hydroxyl radical (OH) yields for the gas-phase
reaction of ozone with a number of symmetric alkenes. Yields are strongly pressure-dependent, contrary to
the results of prior scavenger studies. Here we present a statistical-dynamical model of OH production from
the reaction, utilizing RRKM/master equation calculations to determine the fate of the carbonyl oxide
intermediate. This model agrees with our experimental results, in that both theory and observations indicate
strongly pressure-dependent OH yields. Our calculations also suggest that ethene ozonolysis produces OH
via a different channel than the substituted alkenes, though the identity of this channel is not clear. This
channel may play a role in the ozonolysis of monosubstituted alkenes as well. Our time-dependent master
equation calculations show that the discrepancy between OH yields measured in our direct study and those
measured in prior scavenger studies may arise from differing experimental time scales; on short time scales,
OH is formed only from the vibrationally excited carbonyl oxide intermediate, whereas on longer time scales
OH formation from thermal dissociation may be significant. To demonstrate this we present time-dependent
measurements of OH yields at 10 Torr and 100 Torr; yields begin increasing after hundreds of milliseconds,
an effect which is much more pronounced at 100 Torr. These results are entirely consistent with theoretical
predictions. In the atmosphere, the thermalized carbonyl oxide may be susceptible to bimolecular reactions
which, if fast enough, could prevent dissociation to OH; however there is little experimental evidence that
any such reactions are important. Thus we conclude that both mechanisms of OH formation (dissociation of
vibrationally excited carbonyl oxide and dissociation of thermalized carbonyl oxide) are significant in the
troposphere.

Introduction important source of HQIn the troposphere. Still, details of the

A major obstacle in elucidating complex gas-phase reaction reaption mechanism .remain highly uncertgin. Th.e reactiqn is
mechanisms is determining the role of highly excited (chemi- believed to proceed via a number of short-lived, highly excited

cally activated) intermediates. Multiple reaction pathways may intermediates, most notably the carbonyl oxide (see Mechanism
be ava”ab'e, |ead|ng to any number Of poss|b|e reaction SeCtIOI’l, beIOW), hOWeVer, feW SUCh |ntermed|ates haVe been

products; such products in turn may be extremely reactive asdetected in the gas phase. Furthermore, most experiments to
well. Collisional stabilization by bath gas molecules may determine product yields are carried out over long time scales,
compete with unimolecular reaction, leading to pressure- often several minutes to hours, which is a poor match to the
dependent product yields. Further, prompt reaction or collisional time scales of these intermediates. Due to the high reactivity of
stabilization usually cause such intermediates to have extremelythe reaction intermediates and products, it is difficult to
short lifetimes, making detection extremely difficult. determine which species measured in these experiments are
The uncertainty in the mechanism of hydroxyl (OH) radical prompt products and which are byproducts of unwanted
formation from the gas-phase ozone-alkene reaction highlights secondary reactions.
such difficulties. Indirect 7 and direct®measurements have g 5 stark example of these difficulties, our own measure-
established that OH is indeed formed in this reaction, and ments of the pressure dependence of OH yields from ozone

. o1 i :
modeling calculatiori¥* indicate that that this may be an alkene reactions appear to disagree markedly from indirect

* Corresponding author. E-mail: kroll@fas.harvard.edu. measurements of the same systems. We have directly measured
*E-mail: nmd@andrew.cmu.edu. the pressure dependence of prompt OH produétiora 10 ms
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Figure 1. Criegee mechanism of carbonyl oxide formation: ozene L \ R3d R+ Ha+CO
alkene cycloaddition (R1) and subsequent fragmentation (R2) to form RH R OH + RCO R+ OH CE)
the carbonyl oxide. +On=
RH +CO,

time scale, finding strongly pressure-dependent yields for all Figure 2. Unimolecular reaction channels available to the unsubstituted
substituted alkenes, with yields at one atmosphere far below (or monosubstituted anti) carbonyl oxide: isomerization to dioxirane
unity. Indirect studies, however, have found much higher yields (R32), which eventually leads (R3i) to many possible dissociation
at atmospheric pressure. One such stidy fact finds most products, and concerted dissociation (R4) to form OH and RCO.

yields to be largely pressure-independent. The appearance is 0—o
thus not of a well-understood system, but rather of one with N — ?
major disagreements among various studies. The objective of o© y rR” \CH3
this paper is to reconcile many of these disagreements. N

Here we present a simple statistical-dynamical model of the R/C\CH o[ oo o)
ozone-alkene reaction mechanism, utilizing RRKM theory for ® & Reo _ &
unimolecular rate constants and the time-dependent master R’ ‘\9"” R7 C—H + OH
equation to describe the effects of collisions with the bath gas. H H

The goal of this model is 3-fold. First, it allows us to verify  Figure 3. Unimolecular reaction channels available to the substituted
whether the accepted reaction mechanism can produce OH incarbonyl oxide: isomerization to dioxirane (R5), or isomerization (R6a)
roughly the quantities observed, in either the direct or indirect to an excited hydroperoxide, which will quickly dissociate (Réb) to
studies. Second, comparison of theory and experiment may©H-

allow us to better understand what factors control prompt OH

yield. Finally, it may allow insight into the large discrepancies carbonyl oxide may dissociate to OH (reaction R4), in a
in the absolute yields and pressure dependences of the two type§oncerted proce$®which occurs via a four-membered transi-
of studies. The goal of this model is not predictive accuracy tion state.

but rather qualitative agreement with experiment. Modelingthe ~ The reactions of disubstituted (or monosubstituted syn)
time-dependent behavior of the system will be a key factor in carbonyl oxides are shown in Figure 3. The dioxirane channel
understanding the differences among the various studies. Our(reaction R5) may occur as in the unsubstituted case, but the
model will offer a specific prediction of the time dependence identities of further reaction products are highly uncertain.
of OH production, and we shall present experimental confirma- Experiments suggest the “hot ester” analog to the “hot acid”

tion of that prediction. channel (reaction R3) does not océdit’ presumably as it
requires an alkyl-transfer rather than a simple H-transfer. A more
Mechanism significant difference between the reactions of substituted and

unsubstituted carbonyl oxides is the OH-formation channel: for

The initial steps of the gas-phase ozone-alkene reactionsupstituted carbonyl oxides, OH formation is not a concerted
mechanism are widely believed to follow the basic Criegee process but rather takes place via an excited hydroperoxide
mechanisnt? as shown in Figure 1 for a symmetric alkene. intermediate (reaction R6). Formation of this intermediate occurs
Ozone adds to the alkene in a concertedt3p cycloaddition  via a five-membered transition state, and is expected to proceed
(reaction R1), forming a primary ozonide. This reaction is highly - significantly faster than reaction R4. This is supported by
exothermic (56-60 kcal/mol), and the excited ozonide can electronic structure and statistical rate calculations by Cremer
quickly dissociate (R2) into a carbonyl oxide (the Criegee and co-worker$18and suggests that OH yields from substituted
intermediate) and a carbonyl species. This step is generallyalkenes should be higher than from ethene.
assumed to be concerted but may be stepwise. A major point of uncertainty in the above mechanism is the

In the solution phase the vibrationally excited products are role of collisional activation and deactivation of the reactive
quickly quenched and held closely together by the cage effect, intermediates. The carbonyl oxide is the highest in energy
rejoining to form a secondary ozonide. In the gas phase, (electronically) of the CRD, intermediate$;!® so for a given
however, they will separate. The excess vibrational energy is energy it has the least vibrational excitation and hence the
not high enough to lead to any further dissociation of the longest lifetime. As a result, it is the most susceptible to
carbonyl species; however, the carbonyl oxide has sufficient stabilization by bath gas molecules. Competition between
energy to permit further unimolecular reactions. collisional stabilization and unimolecular reaction would be

The carbonyl oxide is generally understood to react by one indicated experimentally by pressure-dependent product yields.
of two primary channels, isomerization to dioxirane and However, on this point there exists conflicting experimental
dissociation to OH#15The importance of each channel varies evidence. In general, radical-scavenger studies seem to indicate
depending on the degree of substitution as well as the no pressure dependence; this comes not only from high 1 atm
conformation (syn or anti) of the carbonyl oxide. Figure 2 shows yields measured for a number of alkehbat also from a recent
further reactions of the unsubstituted (or monosubstituted anti) study in which OH vyields are measured over a range of
carbonyl oxide. Isomerization to dioxirane (reaction R3a) is pressure$? Additionally, if collisional stabilization were to be
believed to be followed by a ring cleavage (R3b) to form a important, alkene size should have an effect on yield: larger
singlet biradical dioxyalkane. This in turn is believed to carbonyl oxides have more modes over which excess vibrational
isomerize (R3c) to form a vibrationally excited (“hot”) organic energy may be distributed and so will be more susceptible to
acid, which may dissociate (R3d) to one of many sets of collisional stabilization. Yet structureactivity relationships
products, including OH, H, and R radicals. Alternately, the (SAR'’s) for OH yields, based only on the level of substitution
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of a carbonyl oxide (un-, mono- or disubstituted) and not on . ) ] .
Figure 5. Time-dependent yield for the unimolecular reaction of a

substituent size or on available vibrational energy, are generally X ; i ; . h

. . . . chemically activated intermediate. The time-dependent behavior may
Succ_eSSfu' 'n_ predicting OH y'e!ds as measured in Scavenger,q yivided into four regimes, each with a characteristic expression of
studies>*¢This lack of a major size-dependent effect suggests the matrixL (shown). Regime | (incubation) corresponds to the fast
no competition between unimolecular reaction and collisional population of the vibrationally excited intermediate. In regime Il (pseudo
stabilization: either the excited carbonyl oxide undergoes steady state) the chemically activated species has reached steady state
prompt unimolecular reaction with no collisional deactivation, and the population of the thermalized intermediate begins to grow. In

or collisional stabilization dominates and the observed OH is "€9ime Ill, thermal reaction becomes important, and in regime IV
formed entirely from reactions of the thermalized carbonyl (steady state), the thermal species has reached true steady state, with

. product yield of unity and net stabilization zero.
oxide.

On the other hand, our direct measuremgritslicate a
substantial pressure dependence for a number of substituted The master equation describing the time-dependent population
alkenes. In addition, measurements of stabilized carbonyl oxide N(t) of an intermediate species (in which each element of the
yields (by addition of S@and detection of EBOy, a product vector corresponds to an energy level) is giveAtby
of the CROO + SG; reaction) indicate a pressure dependence oN(t
as well?® Time-independent master equation regiltalso _ B
predict a weak pressure dependence for the OH yield fromthe 4 RF = [o( =P)+ .Z KIN(® = RF = JIN@® (1)
ozone-TME reaction.

Another source of uncertainty in the reaction mechanism is in which Ris the overall rate of intermediate formatidathe
the potential importance of additional pathways of prompt OH normalized vibrational population distribution of the nascent
formation other than the direct formation from carbonyl oxides intermediateP the normalized energy transfer mattixhe unit
(reactions R4 and R6). One is the “hot acid” channel, reaction matrix, w the collision frequency, anid; a diagonal matrix of
R3. This was first identified in an early study of the ozone- Unimolecular rate constants for tft channel. The steady-state
ethene reactiof? but is often ignored in the recent literatdfe, ~ solution of eq 1 yields the simple expressidn= RJ"'F. The
due to the large enthalpy difference of formic acid and HEO  time-dependent solution, however, has been defVadd may
OH (100 kcal/mol). However, formic acid is formed with far be expressed in terms of the right eigenvector matix&nd
more energy than this, and dissociation to OH proceeds via a€igenvaluesA) of J:
loose transition state. The barriers for the H CO, and HO 1
+ CO channels are lower in energy, but are much “tighter” N() = RULU F @)
(proceeding by four- and three-membered TS's, respectively) whereL is a diagonal matrix with diagonal elemeitsqual to
and so are entropically disfavored. Therefore, it is reasonable (1 — e~4t)/4;. A derivation of this formulation is provided in
to assume a fraction of the formic acid will indeed dissociate Appendix A. Given the time-dependent populatii(t), cal-
to OH. culating the time-dependent yieMt) for the ith channel is

Additionally, it has been suggestéd“ that nonconcerted  straightforward:
decomposition of the ozonide, followed by a 1,4-hydrogen shift,
may lead to OH formation via an excited hydroperoxide Y1) = eN(EDK;(E) 3)
intermediate (Figure 4). Electronic structure calculations differ : R
on the relative barrier heights of the individual steps and thus
on the importance of this additional chani&#s = Z [ULU *FI(EDK(E) (4)

The common thread in these mechanisms is the presence of
tens to hundreds of kcal/mol of excess vibrational energy in Therefore, yield does not depend Bnthe rate of intermediate
the reaction products. This chemical activation opens multiple formation.
possible reaction pathways and sets up a competition between While the full expression for the time-dependent yield is a
collisional deactivation and further reaction of the vibrationally large polynomial, for real systems it may be simplified
excited fragments. Because the energies involved are muchsignificantly. As is characteristic of matrixes describing colli-
greater than the typical vibrational energy transfer of a collision, sional energy transfer, there is a very large separation between
and because the branching is highly energy-dependent, we neethe smallest eigenvaluéi) and the others, which are closely
to turn to the master equation to gain even qualitative insight spaced. This separation, usually many orders of magnitude, leads
into these systems. As we shall see, time dependence is also & a characteristic time-dependent yield with four regimes, as
crucial component in this case, so we shall next present a conciseshown in Figure 5. Approximate expressions for the maltrix
formulation of the time-dependent master equation. are also given.

Theoretical
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Regime | is the transient (or “incubatiof¥) period, whose nascent
time dependence is governed by all the larger eigenvalues. This A ;P;?guﬁm

corresponds to the formation of the chemically activated
intermediate, and occurs extremely quickly, with a time scale
on the order of a single collision. Regime Il is the periotﬂ(

.., At <t < A7Y in which the excited intermediate has
reached steady state with respect to unimolecular reaction and
collisional stabilization. This is called the “pseudo steady stéte”
or “intermediate steady staf8”and is characterized by an
essentially time-independent yield. This is generally the time
scale on which chemical activation experiments are performed,
and may be modeled with a deactivating form of the steady-
state master equation, in which a reactant sink slightly below
reaction threshold is imposed. The “semistrong collision”

Energy

approach has also been used to model the behavior of chemical F9uré 6. The system modeled in our master equation calculations.
The carbonyl oxide is formed with some nascent energy distribution

activation systems successfuffy. B from the dissociating ozonide; some fraction is below reaction threshold,

Once the time scale approach&s, corresponding to the  corresponding to carbonyl oxide formed vibrationally “cold”. The *hot”
time scale of thermal reaction, the yield begins increasing again carbonyl oxide may either be collisionally stabilized or may react, to
(regime |||), this Corresponds to the unimolecular reaction of form QH or dioxirang._For unsubstituted ca}rbonyl oxides, the relative
the thermalized species. Finally, in regime IV ;{Il)’ the ordering of the transition states are opposite that shown.
intermediate has reached true steady state (the “long steady
state8) in which the total flux in (rate of formation) equals
total flux out (unimolecular reaction), and net stabilization is
zero. It is this regime to which the full steady-state master
equation applies.

Note that for regimes #1V (i.e., the time scales of most
experiments), the time dependence of the yield may be expresse
simply as

(assuming&[1 > 10 ms) is the regime in which our prompt
measurementsare made. We will discuss the time-dependent
behavior of the system in a later section.

Olzmann et af! have performed steady-state master equation
alculations (in regime Il only) of the ozonolysis of two alkenes,
thene and 2,3-dimethyl-2-butene (tetramethylethyene, or TME).

Here we perform calculations for all six symmetric alkenes
it covered in our experimental study: ethene, TME, 3,4-dimethyl-
YO =Y, +Yy(1—-e” ©) 3-hexenefrans-2-butene trans-3-hexene, andrans4-octene.
Modeling all the alkenes in this series allows us not only to
whereY) is the yield at the pseudo steady state (the “prompt assess whether our measured pressure-dependent yields are
yield”) and Y,y the increase in yield once the true steady state reasonable, but also to determine what factors control OH yield.
has been reached. We apply the master equation to the carbonyl oxide only.

The increase in yield in regime 1lI (the second term in eq 5) Substituted carbonyl oxides do not dissociate to OH directly

arises from the large population of thermalized intermediate but rather via a hydroperoxide intermediate (reaction R6).
undergoing unimolecular reaction, but this may not always occur However, this intermediate is much more stable than the
in real systems. If the lifetime of the intermediate with respect carbonyl oxide and dissociates to OH via a loose transition state,
to unimolecular reaction/l(1) is long relative to the lifetime so the yield of hydroperoxide dissociation to OH is expected
versus bimolecular reaction (or relative to the time scale of the to be near unity and pressure-independent; this has been
experiment), the long steady state (regime V) is never reached.validated by SACM calculations in ref 21. This means isomer-
This is usually the case in chemical activation experiments: ization to hydroperoxide is the rate-limiting step in the formation
either the thermalized product is extremely stable and will not of OH from the carbonyl oxide, and we may safely ignore the
undergo unimolecular reaction on a reasonable time scale, or ithydroperoxide intermediate. Similarly, we also do not model
is reactive and will be rapidly scavenged by oxygen, effectively the behavior of the ozonide. We have performed full master
removing it from the system. Thus it is common to ignore the equation calculations on the ozonide from ozoheethene,
true steady state, assuming that only the pseudo steady state iinding that collisional stabilization of the ozonide is too slow
relevant on experimental time scafég?® to compete with fragmentation. This conclusion was also

For species with low barriers to unimolecular reaction, reached by Olzmann et al. for ethene as well as T¥Ehe

however, this assumption is not always valid (see, for example, level of vibrational excitation is so high that the ozonides formed
ref 32 and references within). In the present case, the carbonylfrom larger alkenes in this study (such taans-4-octene and
oxide has thermally accessible unimolecular reaction channels3,4-dimethyl-3-hexene) are also not expected to be collisionally
(with barriers below 20 kcal/mol), and is known to be unreactive stabilized; indeed, there exists no experimental evidence of gas-
with oxygen. Therefore, the lifetime of the stabilized carbonyl phase primary ozonide thermalization. We assume the ozonide
oxide may be long enough such that thermal dissociation to only decomposes, forming carbonyl oxide (reactions R2 and
OH (in regimes lIl and 1V) may occur. This may or may not be R7c), and does not isomerize (reaction R7d); we will address
significant under atmospheric conditions, depending on the this point in a later section.

thermal lifetime of the intermedate and the rates of any The modeled system is shown in Figure 6. A fraction of the
competing bimolecular reactions. On the other hand, any OH nascent carbonyl oxde is formed “cold”, without enough internal
formed in regime Il (from the vibrationally excited carbonyl energy to react. The remainder will react to form OH or
oxide) will certainly be significant under all conditions, as itis dioxirane, or be collisionally stabilized. To solve the master
formed on a time scale far faster than that of any secondary equation, three parameters must be known: microcanonical rate
bimolecular reaction. Thus we focus first on the OH formed by constants, collisional energy transfer probabilities, and the
the vibrationally excited carbonyl oxide (regime II), which energy distribution of the nascent species. Methods of obtaining
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Figure 7. Calculated prompt yields for the ozonolysis of the six alkenes covered in this study, as a function of pressure (in Torr). Shading indicates
product: OH (black), dioxirane (dark gray), collisionally stabilized carbonyl oxide (light gray) or carbonyl oxide formed vibrationally “cold”
(white). Black dots indicate pressures at which calculations were performed.

values for these parameters are described in detail in Appendixoxide, as this is not the lowest-barrier channel. Instead, all of

B. the carbonyl oxide which is formed vibrationally “hot” (i.e.,
with enough energy to react) will isomerize to dioxirane. The
Results rate of isomerization is faster than the rate of collisional

deactivation, so only a very weak pressure dependence of the
dioxirane vyield is predicted. Still, much of the carbonyl oxide

Master equation results for regime Il, the psuedo steady-state
case, are shown in Figure 7 for the six symmetric alkenes. We Lo o
divide the reaction into four distinct pathways: prompt genera- 'S formed vibrationally “cold” and cannot undergo prompt
tion of OH, prompt generation of dioxirane, collisional stabiliza- UNimolecular dissociation. _ _
tion of carbonyl oxide, and formation of “cold” carbonyl oxide. ~ For the disubstituted carbonyl oxide (from TME), the barrier
Yields are calculated at 7 pressures (1, 3.2, 10, 32, 100, 320,to OH formatlon_ Is s_|gn|f|cantly !owe_r, so a smaller fraction of
and 1000 Torr) for each alkene. In all cases the average energyne carbonyl oxide is formed vibrationally “cold”. Instead, at
lost per deactivating collisiofAEL) is set to 500 cmt. Sums low pressures at least, formation of OH dominates, with little
and densities of states were calculated at T'cimtervals; for ~ dioxirane (<5%) formed. At higher pressures, the rate of
computational efficiency, these were binned into master equationStabilization is competitive with that of OH formation, so highly
grain sizes of 50 cmi. We found that yields obtained using Pressure-dependent OH yields are predicted.
finer energy-graining differ by no more than a few percent. ~ Our ethene and TME results agree qualitatively with those
There are a number of potential sources of error in these of Olzmann et af! There are, however, significant quantitative
calculations, including our use of a simple model for energy differences; for example at 1 atm they predict a TME yield of
transfer probability (which employs an uncertakE[y), inherent ~ between 66%-78%, much higher than our predictions. However,
errors in the electronic structure calculations, uncertainty in the in Appendix C we show that such differences may arise from
energy distribution of the nascent carbonyl oxide, and errors relatively small changes in parameters. Thus we do not concern
introduced by neglecting tunneling effects (which may be ourselves with these discrepancies, which could arise from any
particularly important for the OH-formation channel, which is number of factors: differences in electronic structure results,
largely an H-transfer). As a result, we have tested the sensitivity €nergy transfer models (exponential-down vs stepladder), col-
of our results to many of these potential sources of error. Samplelision frequencyw, etc.
results from these calculations are provided in Appendix C;  The results for 3,4-dimethyl-3-hexene are qualitatively similar
results indicate that while changing such parameters can maketo those of TME, as OH yield is also expected to be strongly
a significant difference in the calculated yields, the differences pressure-dependent. However, the pressure dependence is
are not substantial enough to affect our fundamental conclusions.stronger than for TME. This is a result of the larger number of

In the case of ethene, we predict that almost no GH% vibrational modes in the larger carbonyl oxide over which excess
yield) will be formed from direct dissociation of the carbonyl vibrational energy may be distributed. This will lead to a longer
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Figure 8. Fate of the anti and syn forms of the monosubstituted carbonyl oxidetfiaoms-2-butene. Results are shown as a function of pressure

(in Torr). As in Figure 7, shading indicates product: OH (black), dioxirane (dark gray), collisionally stabilized carbonyl oxide (light gray) or
carbonyl oxide formed vibrationally “cold” (white). The anti species behaves like an unsubstituted carbonyl oxide, mostly forming dioxirane; the
syn species behaves much like the carbonyl oxide from TME, mostly forming OH.

lifetime with respect to reaction and thus greater susceptibility ~ For the reaction of ozone with ethene, however, theoretical
to collisional stabilization. This effect, however, is not particu- results (from this study and from that of Olzmann etfapredict
larly strong. yields far lower than observed. Therefore the OH is likely
Calculations for the series of disubstituted alkeresnG2- formed by a channel not included in the reaction mechanism
butene, trans-3-hexene, andrans4-octene) require master modeled by our calculations.
equation treatments for both the anti and syn conformers, which  As mentioned in the Mechanism section, one possible
are believed not to interconvert, due to a large baffafields additional OH source is the “hot acid” channel (R33, in
from the individual conformers frortrans-2-butene are shown which isomerization to dioxirane can form OH via a formic
in Figure 8; while the energetics are somewhat different, overall acid intermediate. Our calculations suggest that for ethene,
the anti conformer behaves much like an unsubstituted carbonylformation of dioxirane occurs with high yield and is largely
oxide (as from ethene), whereas the syn form behaves like apressure independent. In one quantum chemistry sliyas
disubstituted carbonyl oxide (as from TME). Overall product shown that this barrier is by far the highest in the “hot acid”
yields from trans-2-butene are obtained by weighting yields channel; thus, further steps are expected to be pressure-
shown in Figure 8 by the relative formation yields of each jngependent as well. Since formic acid has numerous decom-
conformer (see Appendix B). As is to be expected from their yosition channels, only a fraction of the dioxirane formed will
barrier helgh.ts (Taple 2), practically all the d|0X|rang formed is decompose to OH. Therefore this channel of OH formation is
from the anti species, whereas all the OH formed is from the 4nsistent with our observations of small, pressure-independent
syn species. Both OH and dioxirane are formed with relatively oy yields for the ozonolysis of ethene. In addition, measured
high yields and are expected to be pressure-dependent. Produci; gne-ethene products are consistent with the formation of

yields fromtrans-3-hexene anttans-4-octene are found to be  \iprationally excited formic acid (see, for example, ref 34), as
more pressure-dependent than tians-2-butene, again due to ;.0 our direct observation of hydrogen atoms.

the larger number of vibrational modes. Recently Fenske et &. determined OH yields from the
ozone-ethene reaction to be pressure-dependent, with signifi-
cantly higher yields at pressures below 100 Torr. In that study
For all substituted alkenes, our calculations show that OH is the second alternate pathway, the nonconcerted decomposition
indeed expected as a prompt product of the excited carbonylof the ozonide (reaction R7), was invoked, and the pressure-
oxide, with yields that are strongly pressure-dependent. dependence was attributed to collisional stabilization of the
Results for the fully substituted alkenes (TME and 3,4- excited hydroperoxide intermediate. However, this intermediate
dimethyl-3-hexene) are consistent with our measured yfelds. has 50 kcal/mol of energy in excess of the “loose” barrier to
The exception is at the higher pressures, at which the TME dataOH formation. Thus it is expected to dissociate very quickly,
“level off” in a way that is inconsistent with collisional  faster than its collisional lifetime; indeed, in ref 21 it was shown
stabilization. Also, our measurement of extremely small H yields that for the dissociation of a similar molecule (the ozonide), no
(<1%) is consistent with the hydroperoxide channel being the pressure dependence is expected, even when vibrational excita-
dominant reaction mechanism. Calculations suggest that thetion is lower and the transition state tighter. Thus, neither
differences in OH vyield of the two alkenes is only significant potential OH-forming channel (decomposition of the “hot acid”
at high pressures (300 Torr) where our data are practically or of the ozonide) can account for a pressure dependence; our
nonexistent. data do not entirely preclude the possibility of a pressure

Comparison of Theory and Experiment
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Figure 9. Calculated time-dependent OH yields from TME at 10, 100, 0.20
and 1000 Torr. Experimental time scales and Iifetirrﬁsl)(versus

thermal dissociation to OH are also shown. Note that the experimental 100 torr 4
time scale in our prompt study (10 ms)[1] is significantly below such
lifetimes; for scavenger studies, however, the experimental time scale g |- -
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dependence as well. Given this ambiguity in the data, and the Time (ms)
similarity of products expected for both channels, it is difficult Figure 10. Measured OH yield from ozon¢ TME as a function of
to speculate on the nature of this additional OH source. reaction time at 10 Torr (filled circles) and 100 Torr (open circles).
For the disubstituted alkenesgns-2-butenetrans-3-hexene, Three-parameter fits of the form of eq 5 are shown, with uncertainties.
andtrans-4-octene), predicted OH yield is somewhat lower than ] ) )
measured yield. This may be a result of uncertainties in absolutetory and in scavenger studiéss expected: the yield at long
measured yield and/or in master equation parameters, mosgStéady state is controlled mainly by barrier heights and is
notably the branching ratio between syn and anti carbonyl oxide independent of pressure, whereas the yield during the pseudo
formation. Still, the anti carbonyl oxides formed from these Stéady state may be strongly pressure dependent. _
alkenes may also proceed by the “hot acid” channel, in which  This prediction is easy to test. We have measured OH yields
the dioxirane (formed in high yield from the anti carbonyl oxide) from the TME+ ozone reaction as a function of time, using
isomerizes to an excited organic acid. This acid will have fewer the same technique presented earlier for measurement of prompt
possible dissociation channels than formic acid, as alkyl transfersOH yields. Our high-pressure flow (HPF) system is ideal for
are unlikely; for example, the 40 + CO pathway is available =~ Measuring t_he time dependence of yields due to its excellent
to excited HCOOH but the corresponding RGHCO channel  time resolution (on the order of1 ms) and well-defined =
may not be available to RCOOH. Thus, dissociation of the 0- While in our companion study reaction times were kept
excited acid to OH may be more likely in the substituted case. €xtremely short{10 ms), reaction times may be increased by
Yield measurements on selectively deuterated alkenes would'educing the flow velocity and/or increasing the distance

be particularly instructive in this case. between reaction initiation and OH detection. Flow velocity,
which remains nearly constant along the tube, is monitored using
Time-Dependent OH Yields a pitot-static tube located at the end of the flow.

The only major change to the system here is the addition of

While the above calculations support our experimental results, three more LIF detection axes. The laser beam passes through
in that prompt OH formation is pressure-dependent, we must the system at four different points within a 70 cm section of
ask why scavenger studies measure high, pressure-independenhe tube, and OH fluorescence is monitored at each point. This
yields. A major difference between our direct study and previous allows for the measurement of [OH] at four reaction times
scavenger experiments is the time scale over which measure-simultaneously; this is also useful for OH kinetics and will be
ments are made. In our study measurements are made aftetescribed in more detail in future work. In addition, we have
reaction times on the order of 10 ms; a typical scavenger studyimproved our LIF calibration substantially, from cross-calibra-
lasts several minutes or longer. This difference may have ation with the Harvard ER-2 HQinstrumeng® This improve-
profound influence on the amount of OH produced in the ment, which will also be described in future work, allows for
reaction: Figure 9 shows OH yield as a function of time for the measurement of absolute yields.
TME + ozone, at 10, 100, and 1000 Torr, using the time-  Results, for time-dependent OH yields from ozehd ME
dependent master equation (regimesIW) and assuming at 10 and 100 Torr, are shown in Figure 10. Fits shown are of
negligible interference from secondary reactions. Our direct the form of eq 5, and fit parameters, along with theoretical
experiments are made within regime Il, in which OH is formed predictions, are presented in Table 1. For most reaction times
from the vibrationally excited carbonyl oxide only. Measure- shown, different combinations of reaction distance and flow
ments in scavenger studies, on the other hand, are made deepelocity were used, to minimize the effects of any systematic
into regime 1V, in which thermalized carbonyl oxide has reached errors that may arise from one particular flow condition or LIF
a steady state, and a significant fraction of the OH formed may detection axis. Alkene concentrations are kept low enough such
be from thermal dissociation. that during the course of the reaction, significant depletion of

Therefore it is actually not surprising that the scavenger ozone does not occur, even at the longest reaction times. At
experiments measure higher OH yields. More importantly, the very short reaction distances we are unable to obtain high-quality
difference in the pressure dependences observed in our laboradata by slowing the flow. The reason for this is not clear, but
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TABLE 1: Values for Yy, Y, and 4, from Equation 5, whether that is a result of uncertainty in the data or in the master
Determined for Ozone+ TME from Fitting Experimental equation parameters.
Data (Theoretical Values Shown for Comparison)

To date there exists only one other measurement of the rate

experiment theory of thermal unimolecular reaction of a carbonyl oxide. Fenske
parameter 10 Torr 100 Torr 10 Torr 100 Torr et al.3” by measuring the concentration of the secondary ozonide
Ji(rate) () 2.7+07 6.4+ 0.9 26 35 (which is fprmed by the reaction of_carbonyl oxide with an
Y (prompt 0.79+£0.01 0.21+0.04 0.65 0.40 aldehyde) intrans-2-butene ozonolysis at 1 atm, have deter-
yield) mined the rate of unimolecular reaction to be 76, sccurate
Yiv (_trlls)rmal 0.21£0.02 0.57+0.04  0.32 0.57 to within a factor of 3. It is difficult to compare the rate
yie . . . :
Yo + Yo 1004003 078L008 097 0.97 measured in that study and our result: while the carbonyl oxide

from trans-2-butene, with fewer vibrational modes, is expected

this may explain the apparent “leveling off” of our measured !0 réact more slowly than that from TME, the higher pressure
yields for TME at high pressurésas high pressures are only N that study may offset this difference somewhat. Furthermore,
achieved in our system by slowing the flow. Still, for both 0ur study shows that the thermal carbonyl oxide dissociates to
pressures shown, the expected increase in OH yield with time form OH; when determining the unimolecular rate constant,

is observed, with the increase being far greater at 100 Torr. Fenske et al. do not consider this possibility in their chemical
model, which may have an effect on their calculated rate. Still,

Discussion the rough agreement in measured time scales for decomposition

. . ) (tens to hundreds of milliseconds) in these two studies is
Our theoretical and experimental results show that the time- encouraging

dependent master equation must be used in order to model the . . . -
P q One major discrepancy between our theoretical predictions

formation of OH from carbonyl oxides even qualitatively. In h . .
our experiment, OH production clearly increases on longer time a_md our experimental results is the OH yield at 100 Torr at long

scales, and the observed time and pressure dependences afnes (true steady state). We predict that yield should grow to

consistent with theoretical predictions, providing strong evidence nearly unity but measure |t.at0.8_0. There are three possn:_)le
that thermal decomposition of stabilized carbonyl oxides is explanations for this behavior. First, we have not yet obtained

taking place. Much of the OH measured in environmental data beyond 800 ms at 100 Torr; from the existing data it is
chambers likely comes from decomposition of stabilized car- difficult to tell if the thermalized carbonyl oxide has yet reached
bonyl oxides also, reconciling our measured yields with those steady state, and S0 the fit may be .Oﬁ' Sgcond, the pressure-
measured in scavenger studies. dependent LIF callbratlon_ may be slightly inaccurate, leading
The possibility of OH formation from thermalized carbonyl to small ¢-20%) underest.lmates at 100 Torr. Th'§ error would
oxide has been recognized before: Olzmann ét ahlculate in fact affept our prompt y'EI(.j mea}surements at high pressures,
that on the time scales of most scavenger experiments, thermaPUt only shght_ly. A thqu pos_3|b|I|_ty is that the me_asured pressure
formation of OH may occur. However, they discount this depgnd4ence|n Iong-tlme yield is real. Ind_eed, in two scavenger
possibility, instead assuming that all carbonyl oxide will be Zt(l;_dé%%/ tge OH ylelddfor ozdone+ TME ISI meatgured_tcl)dbe
removed via bimolecular reaction before dissociation is possible. & -7 pressure dependence in the long-ime yield may
Part of the reason for this assumption is presumably that their arise if there exists another pathway by which the intermediate

results reasonably matched the available experimental evidenceSa" proceed, which is lower in energy but entropically much

figs ” H H H
However, this agreement is poor, considering scavenger studiest'ghter' This pathway would be minor for the chemically

determine OH yields from TME to be higher than their activated species but more important for the thermal species,

predictions (66% 78%) and independent of pressure. They also reqlucing the_ thermal yield at highe_r_pressures. ngever, there
argue that the high CO and G@ields observed in 0zoné §X|st§ no evidence of sugh an addltlonaé p_ath_way, calculations
TME product studie® suggest reactions of the carbony! oxide, n this study as .We." as in lemar}n et“lindicate t.hat the.

as calculated dioxirane yields are small. However, this assumes”ng'CIOSure to d|o>§|rane is higher in energy than dissociation
that of the unimolecular channels, only dioxirane produces CO to OH' M_oreover, In oneé scavenger stilit was found that

and CQ; this is probably not the case, as the OH-forming QH yield is nearly_umty at both 20 Torr gnd 760 Torr. Further
channel produces RCOGHiadicals, which have been shown time-dependent yield studies are certainly necessary and are
to form CO and CQ@upon further reaction. currently underway.

To our knowledge our time-dependent measurements con- Distinguishing between OH formed promptly (by vibra-
stitute the first direct observations of the expected time tionally excited carbonyl oxide) or slowly (by thermal carbonyl
dependence of product yield (in regimes Il through 1V) for a oxide) aids in the interpretation of other experimental results.
chemical activation reaction. Values of the fit parameters For example, the long steady state yield arises from a thermal
(presented in Table 1) may be interpreted phys|ca”y most distribution of Carbonyl OXide, in which the vibrational energy
important is the value fofy, which corresponds to the rate does notvary from reaction to reaction. Thus, in the long steady
constant for dissociation of the thermalized carbonyl oxide to State, only the structure of the carbonyl oxide determines yield.
form OH. Our measured values are in close agreement with Hence, SAR’s (such as in ref 4), which neglect energetics and
our calculations, though are significantly smaller than the alkene size and predict OH yields solely on available reaction
theoretical estimate of Olzmann efa{250 s'1); this theoretical ~ Pathways, are expected to hold. This is particularly true when
value, however, is extremely sensitive to the value of the barrier the majority of the OH produced is from thermal reaction, which
height to dissociation, and eve 2 kcal/mol error could account ~ from our measurements of prompt yields seems to be the case
for such a difference. As predicted by theatyjs found to be ~ for larger alkenes.
pressure-dependent, indicating that at 100 Torr the dissociation In addition, this separation of time scales has implications
reaction has not reached the high-pressure limit. The differencefor indirect measurements of stabilized carbonyl oxide yields.
betweenl;'s at 10 and 100 Torr is found to be greater than The most extensive measurements usg&Qhe carbonyl oxide
that predicted by theory; at this point it is difficult to speculate scavenger, with yields determined by production oB8,2°
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or of carbonyl! both products of the CIOO + SO, reaction. The dependence of OH yields on experimental time scale
Studies are carried out using a large excess of, SGch that aids in the interpretation of experimental results and resolves
the thermalized carbonyl oxide likely reacts befor reaching apparent contradictions in measured pressure dependences of
steady state; i.e., the yield is measured in regime Il or Ill. This ozonolysis products. Experimental evidence suggests that in the
is consistent with the pressure dependence of the carbonyl oxideatmosphere, OH production from thermalized carbonyl oxide
yield measured by Hatakeyama e®3or trans-2-butene. Thus is significant, and the yields measured in scavenger studies (and,
it is difficult to draw conclusions from comparisons of OH yields in the future, in our direct, time-dependent measurements) are
measured in scavenger studies (long steady state) and measurettie appropriate ones to use for tropospheric modeling. However,
carbonyl oxide yields (pseudo steady stdte}. other bimolecular channels must now always be considered. In
To assess which time scale is appropriate for describing OH the atmosphere, reaction with relatively abundant gases such
formation in the earth’s atmosphere, we must consider the effectsas water vapor must be carefully assessed, while in scavenger
of bimolecular reactions of the thermalized carbonyl oxide. If experiments secondary removal by a number of reactions could
the carbonyl oxide is reacted away faster than it can thermally play a role.
dissociate, only the OH produced during the pseudo steady state To better assess how much of the OH measured in scavenger
(regime II) will be significant in the troposphere. If instead the studies is from either mechanism of OH formation, it is
bimolecular reactions of the carbonyl oxide are slow relative necessary to measure more pressure- and time-dependent yields,
to thermal dissociation, the OH formed in regime IV will also for a wider variety of alkenes than those we have studied
be atmospherically important. Recent experimental evidence already. Branched alkenes, cycloalkenes, asymmetric alkenes,
suggests that the latter is the case; Johnson%®tralve found and terpenes are all more complicated, due to more reaction
that for 2-methyl-2-butene, measured OH yield does not changepathways and/or more complicated energetics.
even in the presence of an excess (20,000 ppm) of water or Finally, the mechanism of OH formation by the reaction of
high concentrations (166600 ppm) of S@, butanone, or acetic  ozone with ethene (and terminal alkenes) remains poorly
acid. Neeb and Moortgaalso report the same result when water understood. The dissociation of formic acid and the noncon-
is added to their experiment. Indeed, in our own time-dependent certed decomposition of the ozonide have both been put forth
OH yield measurements, leaks invariably led to some water as possible candidates, and the evidence does not clearly favor
being present in our flow tube. For a given reaction time shown, one over the other. In fact, the differences in measured pressure
different flow rates were used, leading to varying water dependence in this study and in that of Fenske & ehnnot
concentrations, yet OH yield did not change. These results arebe accounted for by either channel. Understanding this mech-
significant in that water is the most abundant atmospheric anism is important because @bO is formed in the ozonolysis
species believed to react with carbonyl oxides. In addition, these of terminal alkenes, which include tropospherically abundant
results suggest that no OH is formed from the reaction of water species such as isoprene. Additional studies (both theoretical
with carbonyl oxide (or other intermediates of ozonolysis), as and experimental) of the gas-phase ozoethene reaction, the
has been suggested in the p#siTherefore, the measured most basic of the ozone-alkene reactions, are certainly necessary.
differences in prompt and thermal OH yields are almost certainly
from thermal decomposition of the carbonyl oxide and not from  Acknowledgment. The authors are grateful to T. F. Hanisco
secondary bimolecular reactions. Thus, experimental evidencefor experimental assistance. This work was supported by U.S.
suggests that in the troposphere, thermalized carbonyl oxide will EPA STAR Grant R825258010 (University at Albany-SUNY
in fact dissociate to OH. and Harvard University), as well as NSF Grant 9977992
) (Harvard University). J.H.K. gratefully acknowledges support
Conclusions from the NASA Earth System Science Fellowship Program.
We have presented RRKM/master equation calculations
which describe OH generation from the ozone-alkene reaction, Appendix A: Solution to the Time-Dependent Master
on both short and long time scales. For all substituted alkenes,Equation
significant prompt yields of OH are expected. These yields are
highly pressure-dependent, and thus also dependent on sub
stituent size; this is consistent with our experimental results. In
the case of ethene, whose carbonyl oxide £08) has a much
higher barrier to OH formation than substituted alkenes, the dN (D)
accepted reaction mechanism leads to yields far lower than ——==RF — IN(t) (6)
observations. This suggests an additional pathway of OH dt

formation, which may also play somewhat of a role in OH Terms are as defined in the Theoretical section. The solution

formation from disubstituted alkenes. . - . . .
. to a differential equation of this type is standard:
Our model also suggests the cause for the stark discrepancy q P

between the direct measurements and the results obtained in 3t 3ot s

the scavenger studies. Time-dependent master equation calcula- N(t) = e "N(0) +{e™" [} *R(9)ds}F (7)
tions show that scavenger studies are sufficiently long that the

stabilized carbonyl oxide may undergo thermal dissociation, By assuming that the initial concentration of the intermediate
leading to high, pressure-independent OH yields. Our prediction is zero and that the rate of formation of the intermedi&eig
that OH yields should be time-dependent is fully borne out by constant, we obtain the result found in ref 27:

experiment: we find that yields increase with time in a manner

In this section we present a short derivation of eq 2, the
solution to the time-dependent master equation. We begin with
eq 1:

consistent with theory, and this increase is far more significant Nt =R{I — e*Jt}J*H: (8)
at higher pressure. We measure the rate constant for uni-
molecular decomposition of the carbonyl oxide to be 27at As with the time-dependent master equation describing simple

10 Torr and 6.4 st at 100 Torr, in reasonably good agreement unimolecular dissociatioff, this solution may be expressed in
with theory as well as previous experimental results. terms of the right eigenvector matrixJ and diagonal eigen-
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value matrix A) of J, from the identityJU = UA: TABLE 2: Energies Used in Master Equation Calculationg
AL 1 IR molecule ethene t2b (anti) t2b (syn) TME

N =R{l —Ue "U JUA U F ©) TS, (OH) 34.0 225 16.7 16.0

At s =1y -1 TS, (dioxirane) 20.7 16.9 24.7 21.7

=RU{l —e MATUF (10) Eavai 39.1 39.5 38.9 42.8

. . . a All energies in kcal/mol and are relative to the carbonyl oxide.
Sincel, e, andA~! are all diagonal matrixes, eq 10 may be 9 Y

rewritten in terms ofl, the diagonal elements of: in which Er is the total energy available to the systemis the
density of states, antV the sum of states, with subscript 1
Cf1-eM. o referring to the carbonyl oxide and 2 the carbonyl.

N(t) = RUdia 7 |V F=RULUF (11) However, partitioning is probably not statistical: the steepness
of the repulsive surface beyond a tight transition state prevents
complete randomization of energy among all the modes;
fragments tend to be vibrationally “colder” than statistical theory
would predict, with higher relative translational motion than
expected344 Rather than apply a sophisticated model of
Appendix B: Determination of Master Equation nonstatistical energy partitioning (such as in ref 45), we assume
Parameters that only the energy in excess of the barrier is partitioned

) ) ) ) ) statistically and the rest goes into product translation. This

Microcanonical reaction rates are determln_e_d using standardapproach is a reasonable one, since in general, a majority of
RRKM theory: Rovibrational sums and deqsmes of states are e energy £60%9) released going from the TS to products is
calculated using standard counting techniques (the-8 in the form of relative translation. This approach is also

algorithnf), with internal rotations and one active external sypnorted by our yield measuremehis, which yields seem
rotation treated as free classical rotors. Geometries, frequenciesigrgely insensitive to carbonyl oxide stability. Still, this as-

and rotational constants are calculated using the B3LYP/6-31G- g mption may underestimate the total energy available to the

(d) model chemistry, and single-point energies using B3LYP/ carbonyl oxide, as~20% of the energy liberated beyond the
6-311Gt+(3df,2p). Calculated frequencies and zero-point ener- T should go to internal modes of the carbonyl oxide; we
gies are scaled by the recommended 0.9613 and 0.9804,,qdress this point of uncertainty in Appendix C.
respectively’? . . _ The overall energy distribution of nascent carbonyl oxide,
Optimized, zero-point-corrected energies are presented in F(E), may be obtained by combinirgis; from eq 12 withgoz,

Table 2. These numbers generally agree with other publishedine normalized energy distribution of the parent ozonide:
values to within a few kcal/mol; the effects of such uncertainties

on our calculations are considered in Appendix C. Pathways FEE) = [TdE'g (E)g,(E, E 13
for both the syn and the anti conformers of thens-2-butene ® IEO 9od(E)Gas( ) (13

carbonyl oxide are shown; these are assumed not to intercon+p which E, is the barrier to ozonide fragmentation. Because
vert33 We also perform calculations on the carbonyl oxides . is much broader thage,, F(E) is insensitive to the shape
formed fromtrans3-hfexenetran&4-octene, and 3,4-dimethyl- ~ (though not the average energy) gf,. OH yields using the
3-hexene. However, in these cases we do not calculate energiegpove energy distribution agree very closely (within a few
explicitly but instead use those thns2-butene (fortranss- percent) with those calculated by simply approximatiggas
hexene andtrans-4-octene) and TME (for 3,4-dimethyl-3- 5 gelta function, centered on the average energy of the exact
hexene), which should be similar. We also neglect the possibility gistribution. Furthermore, as discussed in the Theoretical section,
of an OH-formation channel via a 6- (or 7-) membered transition qjiisional stabilization of the ozonide is negligible, g& in

state, as these should have only a minor effect on yields. Insteadeq 13 may be approximated by the nascent ozonide energy
we treat these alkenes exactly likans-2-butene or TME, only distribution.
with more internal modes and smaller rotational constants Thys we approximate the energy distribution of the ozonide
characteristic of extra methylene groups. N as a delta function, centered on the average energy of the
The model used to describe energy transfer probabititys reacting ozone+ alkene system, and do not perform any
the “exponential down” modéf,in which the probability of a  g¢atistical calculations for the ozonide. Note that eq 13 is still
downward change in energy decays exponentially with the sensitive to the value of this average energy, so density-
change in energy, and is scaled E(J, the average energy fynctional calculations of ozone, the alkene, and the ozonide
change per deactivating collision with the bath gas. Upward gecomposition TS are also necessary. Energy available for each
transitions are possible also, and are determined by deta'ledcarbonyl oxide is also included in Table 2; values for TME
balance. We use the hard-sphere collision frequency for the ang ethene agree (to within a few kcal/mol) with those in ref
collision frequencyw. . 21. Fortrans-2-butene we calculate that the syn conformer is
The nascent energy distribution of the carbonyl oxide is formed with slightly less energy than the anti conformer, because
determined by two factors: the energy distribution of the parent ot 5 small difference in calculated barrier heights to ozone
ozonide and the partitioning of this energy between the carbonyl formation. It should be noted that this result is the reverse that
oxide and carbonyl fragments. Assuming statistical partitioning gptained in two other studies on the same systetathough
of energy, the latter factor (distribution of energy in the internal gifferences are small. RRKM calculations on the ozonide predict

mtzges of the nascent carbonyl oxidegak) may be expressed  that 599 of the ozonide will dissociate to form the anti product.
as

This is the expression given in eq 2. Note that, at long times
(t — »), L = A71 and eq 11 simplifies to the steady-state
expressionN = RIIF.

Appendix C: Sensitivity of Results to Master Equation
p1(E)W,(E; — E) Parameters
Er , , 12) Here we present results from sample master equation calcula-
jg dE o) (E)Wo(Er — E) tions on TME + ozone, in which we test the sensitivity of

JuisE: E7) =
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a) 1 of Eavailis dependent on a number of parameters: oz@tieene
barrier height, ozonide stability, barrier to ozonide fragmentation,
oe and amount of ozonide vibrational energy which ends up in
’ fragment vibrations. As discussed in Appendix B, this last term
o is especially uncertain. We assume that only the energy in excess
© ¢ of the barrier to fragmentation is distributed, which yields our
> <AE,> calculatedE,y,i of 42.8. At the highest value dEayq) Shown,
% 041 oo et an additional 40% of the energy released beyond the TS goes
b) 150 om? into internal energy. Again, while predicted pressure dependence
0.2} © 250 en is affected by available energy, at no reasonable vall&.qi
Z; igzoc:rﬁl is it small. Note that at high energies, low-pressure yields
actually decrease with increasing energy; this is due to the
b) 1 increasing importance of the dioxirane channel, which is
“looser” than the OH channel and is therefore favored at higher
energies.
0-8 Finally, Figure 11c shows the effect of varyirfi@on) the
barrier height to OH formation. Hef@E[] is fixed at 500 cm!
% 0.6 and Eaay at 42.8 kcal/mol. The range ig2 kcal/mol, a
el B reasonable uncertainty for B3LYP barrier heights. Results are
T oo avail fairly sensitive to barrier height, but again in all cases a strong
@) a) 57.8 kcal/mol . . .
b) 52.8 keal/mol pressure dependence is predicted. The decrease in the low-
oal © 478 keal/mol pressure yield comes largely from a larger proportion of the
:; ze iiiifﬁii carbonyl oxide formed vibrationally “cold.” It should be noted
) that lowering the barrier height is roughly equivalent to including
the effects of tunneling, which may be important for this
o intramolecular H-transfer reaction.
Thus while predicted OH yields are dependent on the
0-8 parametersAEL, Eavai, andEgon), yields are always expected
to be pressure-dependent. Similar calculations have been
% 0.6 performed for ethene, with the same result: the qualitative
= results do not change significantly. Thus, barring a combination
% 0.4 Eo (om of extremely large errors, the uncertainties inherent in a number
a) 14 kcal/mol of master equation parameters do not change our overall results,
b) 15 kcal/mol at least in a qualitative sense.
0.2 ¢) 16 kecal/mol
d) 17 kcal/mol
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